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FOREWCORD

This technical memorandum documents the results of a study conducted at
the Langiey Research Center and compares the Space Station 9 feot single fold
deployable truss, 15 foot erectable truss, and the 10 font double fold tetra-
hedral truss. The study task was negotiated between the Langley Space Station
Office and the Space Station Project Systems Synthesis Gffice of Level B at
the Johnson Space Center. A cursory examination of the 15 foot PACTRUSS was
also included. The study team consisted of personnel from tangley Research
Center's Space Station Office, Structures and Dynamics Division, [light
Dynamics and Controls Division, Space Systems Division, and Facilities
Engineering Division.

et



TABLE OF CONTENTS

FOREWORD

INTRODUCTION

! CUSTOMER ACCOMMODATIONS - Martin M, Mikules, Jr.

[I  SUBSYSTEM INTEGRATION - Andrew S. Wright, dJr.

I1T  CONSTRUCTION OPERATIONS - Judith J. Watson

IV COST ANALYSIS - Edwin B. Dean, Leonard T. Twiyy

v TRUSS CRITERIA - Harold G. Bush, Paul A. Cooper, John T. dorsey,
Mark S. Lake, John W. Ycung, Marvin D. Rrodes,

Jerrold M. Housner, Melvin J. Ferebee, Jr.

CONCLUDING REMARKS - Martin M. Mikulas, Jr., Peter A. Stein

REFERENCES
Appendix A - PACTRUSS - Marvin D. Khodes
Appendix B - CONSTRUCTION PROCEDURES AND ASSUMPTIONS - Juu.th J. Watson

Anpendix C - FEASIBILITY OF ASSEMBLY TASKS FOR SPACE STATIUN - Judith .J. Watson

SIZE AND WEIGHT SPACE STATIUN COMPONENTS - Judith J. Watson

Appendix D

|




INTRODUCT I ON

In this paper the results of a trade study on truss structures for Space
Station are presented. Although this Study has been conducted with the
refe, ence gravity gradient space station of reference 1 (hereafter referred to

as the Reference Document) in mind, the results are generally applicable tg
other configurations.

Four approaches for constructing the Space station were considered in
this paper and are shown in sketch A, Three of the trusses, the 9 faot single
fold deployable, the 15 foot erectable and the 10 foot double fold tetrahedra]

truss are described in detail in reference 2 and the 15 foot PACTRUSS is des-
cribed in Appendix A.

The primary rationale for considering a 9 foot single-fold deployable truss
(9 foot is the largest uncollapsed tross-section that fits in the Shuttle cargo
bay) is that of ease of initial cn-orbijt construction and preintegration of
utility lines and subsystems, The primary rationale for considering the 15

foot erectable truss is that the truss bay size dccommodates Shuttie size
payloads and the growth of the initija) station in any dimension is 3 simple
extension of the initial construction process. The primary rationale for con-
sidering the doucle-fold 10 foot tetrahedral tryss is that a relatively large
amount of truss structyre can be deployed from a single Shuttle flight to

Provide a large number of nodal attachments which represent a “pegboard® for
attaching a wige variety of payloads. The 15 foot double-fold PACTRUSS was
developed to incorporate the best features of the erectable truss and the deployv-
able tetrahedral truss. That s, the 15 foot PACTRUSS dccommodates Shuttle size
payloads within each truss bay, yet the whole keel structure can be deployed

from a single Shuttle flight,

The integration of subsystems on the 15 foot erectable truss, the 10 foot
tetrahedral truss, and the 15 foot PACTRUSS s perceived to be simple on-orbijt
Plug-in installaton of highly preintegrated subsystem modules, These modules
would be field connected by pre-checked out wiring harnesses and other utility
iines which would be unspooled or unfolded and attached to the truss on-orbit,

cess. First, by virtue of the fact that the subsystems are "plugged-in" on orbit,
their interface with the truss is reduced to simple geometric and mechanical
considerations. For example, once the truss size is selected, highly preinte-
grated power modules can be designed without concerns such as interfacing with

the truss for launch integration. Second, downstream subsystem changes would

not feed back and affect the initial truss design., These simple interfaces would
have the effect of reducing the interdependence of work packages thys simplifying
the SE&I process. Third, replacement of the highly preintegrated and modularized
subsystems would be reversal and repeat of the initial installation process,
thus greatly simplifying maintenance or replacement operations.,

To provide an understanding of the characteristics of the four trusses
under consideration, several gquantifiable features of the trusses are tabulated
in Table 1{. Many of these numbers are taken directly from reference 2
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deployed voiume/bay is Tisted since it may be desirabie to embed payloads or
utilities in the truss to minimize interference with station operations and
growth. A large interior volume would presumably be desirable for accepting
more payloads, as well as providing adequate space for access and servicing.
The minimum package volume on the other hand is the volume required in the
cargo bay for launch of the structure only. The free-play keel distortion is
the accumulated deflection that would occur in the station keel for the same
assvmed free-play in eacn joint. A cursery look at these comparisons indicates
that the deeper 15 foot truss has numerous advantages at the cost of an initial
increased on-orbit construction time.

N To provide a basis for comparing these different construction approaches,
a set of discriminators were established and are listed in Table 2. In subse-
quent sections each of the five discriminators are described and each truss is
qualitatively evaluated with ar aajective rating. For each discriminator a
truss concept is given a satisfactory (S) unless it is perceived to possess
either some advantage (A) or disadvantage (D). For any truss concept to be
acceptable for construction of the Space Station, additional effort is required
to remove any perceived disadvantage.

REFERENCES

1. "Space Station Reference Configuration Description.” JSC 19989, August
1984,

2. Mikules, Martin M., Jr., et, al.: Space Station Truss Structures and
Construction Considerations. NASA TM 86338, January 1985.
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I. CUSTOMER ACCOMMODATIONS

The Space Station is planned to be placed in orbit in the early 1990s and
is expected to provide a space operation base for the next 20 years or more.
Due to this long 11fe it is important that the *russ structure be capable of
evolutionary growth in all three dimensions, be capable of accommodating un-
anticipated alterations, and be capable of accommodating a wide variety of
Shuttle compatible payloads with a minimum of interference to growth and sta- -
tion operations.

Growth Potential

To provide a truss with growth capability in all three dimensions it is
necessary that the nodal cluster at the intersection of the struts be designed
SO that additional struts can be added on-orbit. Such a node is shown schema-
tically in figure I-1 for an orthogonal truss. To permit complete 3-dimensional
growth in addition to having cubic diagonal positions for payload attachments,
it is necessary that each node possess 26 attachment positions. A photograph
of such a node is shown in figure I-2 with two quick attachment erectable joints.
Such nodes have been used for many years in the construction of ground structures
and there is a large body of knowledge relative to their use. For applications
in space, the node would be shipped to orbit with the necessary number of quick
attachment erectdble joints bolted in place to construct the structure. Extra
joints could be attached initially or could be bolted on in orbit if needed for
growth, Special receptacies for attaching payloads would be bolted to the cubic
diagonal holes and are discussed in a subsequent section on payload accommodation.
The impact of integrating such a node in the different truss concepts is shown
in Table I-1. Although there is a possible interference prsbiem on the 9 foot
deployable with the deployment threads as shown in figure -3, it is believed
possible to integrate a 3-D node in any of the truss concepts. To make a better
estimate of the impact and weight penzity on the deployable trusses, detailed N
designs of the joints must be made. .

In addition tu providing a capability for growing the truss in three
dimensions, it would be desirable that attached payloads not int:r-fere with
future growth or station operations. These issues are discussed in the next
s2ction on payload accommodations.

Payload Accommodations

The most common types of payloads to be accommodated by the statior are
either small instruments or experiments, or large cargo bay sized payloads. It
is likely that the smaller payloads will be integrated onto a standardized
pallet in the Shuttle/Station mission system. For launch efficiency this pallet
would Tikely be sized to make maximum use of the cargo bay volume (pallet size
10" - 14' in diameter). Most larger payloads (storage tanks, large instruments,
spacecraft, etc.) are likely to be sized to maximize cargo bay volume efficiency.
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9 Foot Truss.- The upper sketch in figure [-4 depicts the cross-section of
a 3 bay wide xeel with payloads attached. The ieft hand payload is a 14' dia-
meter pallet with several small experiments attached while the right hand pay-
load is a large 14' diameter sphere or cylinder (the cylinder could be two or
three bays long). As seen in the sketch, such payloads would prohipit lateral
growth of the keel and also interfere with station operations of the MRMS.

15 Foot Erectable Truss or PACTRUSS.- The middle sketch ir figure I-4
depicts the cross-section of a 3 bay wide keel with payloads attached. Because
nf the 15' size of the truss bays, the cargo bay compatible payloads can be
embedded within the truss structure. This feature permits lateral growth of
the keel if desired (indicated by the dashed lines) as well as minimizing inter-
ference with station operations on the MRMS. An additional potential advantage
of this attachment scheme is that payloads could be placed near principal moment
of inertia axes to minimize offset mass eccentricities.

For a number of reasons it may be deemed desirable to grow the station keel
in the orbital plane, as shown in figure 1-5. Such a growth would maintain
“planar" symmetric payload placement which minimizes eccentric masses. It may
also be found necessary to increase the bending stiffness of the keel or to
provide increased payload space. Such growth would permit a large number of
payloads to be ciustered close to the station c.g. to minimize gravity gradient
“g" effects. As seen in figure I-5, growth in the orbital plane is easily
accomplished with the 15' truss and the MRMS could reach three bays without
further capability. [f it were desired to grow the keel in the orbital plane
further than three bays, a plane change capability would have to be provided
for the MRMS to operate on that surface,

10 Foot Tetrahedral Truss.- The iower sketch of figure [-4 depicts the
cross-section of a 6 bay wide keel with payloads attached. As mentioned pre-
viously, the basic philosophy associated with the deployable double-foid tetra-
hedral truss is to take advantage of its high packaging efficiency and place a
large amount of truss in orbit initially., In keeping with the "pegboard”
philosophy of the tetrahedral truss the payloads are shown attached to the upper
and lower truss nodes. Although more truss is initially provided, there is
considerable interference with station operations and general 3-D growth is
inhibited.

Payload Attachment and Protection Concepts.- As mentioned previously it is
likely that small instruments and experiments will be integyrated onto a stan-
dardized Shuttle/Station pallet. A potential growth version of a 15' truss
station which would accommodate many such payloads is shown in figure 1-6, In
this version a large number of pays have been added to the lower portion of the
keel to provide numerous payload attachment ports in the vicinity of the modules

and close to the station c.g. This growth could occur in a gradual, evolutionary

fashion using an erectable approach. The growth could take many forms and could
include growth in the orbital plane as pointed out previously. Because of the
high redundancy of such a truss, many selective struts can be omitted to accom-
modate a wide variety of payload sizes and shapes. A sketch of an octagonal
pallet which would fit in the cargo bay is shown attached to a 1%' truss struc-




ture in ftigure [-7. Attechment arms which would fold to £it in the aryu bay
are shown in the upper richt hand “blow-up" of a truss corner node. A payload
attachment fixture is showr attached to the truss node in a4 cubic diagonal
position, dand the pallet arm with a simple protrusion connector is snown ‘n

position prior to insertion and lock up. Since the tour fongers vy 0 g

redundant, the face diagonal can be removed for payload insert o v nnat

destroying the inteygrity of the truss., In a multiple bay kee o in on apeg

where there are many bays as shown in the left hand insert, t - . an cestindancy

of the truss would permit the diagonal to be permanently omitte © 4t o p, '

Such a subsurface attachment of the pallet permits complete unobse o' o move-
ment and operation of the MRMS over the truss surface yet still provides excel-
lent access for servicing.

For some payloads it may be necessary to provide protection from provulsioen
plumes, radiation, micrometeoroids, or to provide thermal control. A concept
for providing such shielding is shown in figure 1-8. In this concept, deploy-
able "curtains" would be added as needed to provide the protection necessary,

A hatch would be provided for access and as can be seen in the figure, the 15'
truss provides a large interior volume for servicing. An alternate, more highly
preintegrated system is shown in figure 1-9, In this concept, the octaqgondl
1 pallet as shown in figure I-7 would have a coltapsible protective coveriny

: attached which would be deployed on-orbit. A hatch is Shown on top of the
shield for access. Such a system could provide protection from plume contam-
ination of the Shuttle during docking maneuvers and the hatch could be lett
open during other times.

The 15" truss could also accommodate a 14° pressurized volume such d4s the
Spacelab as shown in figure 1-10. Although the cylindrical volume shown is
one bay lonyg, longer pavloads could be accommoddated by removing more members
trom the redundant structure.

Customer Accommodation Summary

o

An evaluation of the customer accommodation discriminators is presented )
in Table [-2. The 9' single fold deployable truss was assessed to be deticient
in growth potential due to interference provided by the cargo bay size payloads.
Payload accommodations was assessed das satistactory. The 1%' erectable truss
and the 15' PACTRUSS were perceived to have an advantage in both growth potential
and payload accommodations because of the bay size compatibility with carye bay
size payluads. The tetrahedral truss could probably be yrown in a satistactory
fashion and has an advantage in beinyg able to accommodate a large number ot
payloads.
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EQUIPMENT
PLATFORM

Figure I-8. - Schematic of environmental centrol deployable "curtain" added to a truss

bay to provide a protected cubicle.
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LI, SUBSYSTEM INTEGRATION

A major consideration in the choice of a truss configuration for the Space
Station is the issue of preintegration of many <ubsystem elements with the truss
during prelaunch build-up versus the inteyration on-orbit of these subsystem
elements by extravehicular activity (EVA). The configurations of the subsystems
and their interfaces to the truss were, therefore, reviewed in light of the
following requirements and objectives:

6 ldentify s hsystem interfaces to the truss and subsystem-to-subsystem
interfaces which are trusc related.

o Provide subsystem instailation input to the construction scenario
for the estimation of EVA hours to construct the station,

0 Identify discriminators and key drivers in truss/subsystem intearation
area.

¢ Identify which subsystem elements can he preintegyrated with the 9 foot
deployable and which must be installed on orbit (see Table 11-1).

o Conduct trades of tive major subsystem elements' interfaces to each ot
three truss configurations (see Tables -2, I1-3, 11-4, [I-%5, and [1-6),

Subsystem configurations are those discussed in reterences [I-1, 11-2, and 1]-3
with additional descriptions supplied intormally,

The build-up scendrio described in references 11-1 and [1-3 were those
yenerally used in determining which subsystems are brought to orbit on which
Shuttle flights. The Shuttle payload packaging shown in references 11-1 and
[1-3 were also used to determine the feasibility ot preintegration of the sub-
system elements.  Shuttle payload weight limits were not used in this study.
Welght Timit of 35,000 pounds will probably be violated on those Shuttle flights
where amodules weighing between 35,000 and 54,001 pounds as shown in Table
403030422 [page 180) ot reterence 11-1 are brought to ogrbit

.'
4

SHDSystem Discussion

A discussion of the review ot edch subsystem 1s contained in this section,
Where subsystem intormdt ion was Facking, assumptions were made dand ere ducu-
menced below,

The metnod of installation or each subsystem element in each truss
contiguration was evaluated, The resclts are shown in Table 11-1. Trade studies
were then made tor the attitude control assembly, keel mounted propuision tank
modules, rotary joint, regenerative fuel cell and power conditioner, and the
mobile remote manipulator system (MRMS).  The evaluation criteria include
envelope/packaying, installation, alignment to the truss, access for servicing,
and orhital replacement of units for each truss contiguration considered

23




Electrical Power Subsystem.- The electrical power subsystem is described
in reference 11-2. Faunh power cable is 0,4 inches x 2 inches dand can handle /5
kw. To allow for the eventual distribution of 300 kw of power in the growth
station, four c.bles will be installed on the [0C Station. It is assumed that
the cable can .e bent on a radius to thickness ratio of 10 to 1 which is a 4
inch bend raaius. Preintegration of this cable with the 9 foot deployable
truss is shown in figure II-1. The inboard folds must be supported temporarily
during Taunch in order to prevent breaking the temporary string or velcro ties.

ence II-1. Later configuration information for these two subsystem elements
shows that the power conditioners and rotary joint cannot be preintegrated into
one 9 foot bay. The interference between them is shown in figure I11-2. The
inboard power conditioner must be installed by EVA/MRMS one bay outboard of the
bay containing the rotary joint. There is currently no room in the Shuttle
cargo bay packaging arrangement for these two power conditioners. OQutboard
power conditioners can be preintegrated into the 9 foot truss for the fourth
Shuttle flight. Trades for the power conditioners are shown in Table I][-2.
Power transfer across the rotary joint is by the electrical power transfer unit
or roll ring assembly (see figures 11-2 and i1-3) under development for the
electrical power subsystem. Utility power controllers will likely be inte-
grated into the subsystem elements for which they are providing power. Power
management controller configuration has not been decided upon at this time.

It is assumed that, if it is hardware, it can be preintegrated with the folded
transverse boom truss. It is noted that there should be a quick disconnect
arrangement between the power conditioner and the radiators so that either can
be removed without too much disturbance of the other. [t is assumed that photo-
voltaic (PV) blankets and beta Jjoints can pe preintegrated as shown in reference

Other assumptions regarding the electrical power subsystem are as follows:

0 All power catles throughout the Station will be foldable on a small
endugh bend radius to aliow preintegration for the 9 foot deployable,.
This same configuration cable will be used for the 15 foot erectable
truss.

0 The Data Management System (DMS) (fiber optics) is embedded in all
elements of the electrical power subsystem,

0 Photovoltaic is the 10C power source,

Utilities integration required for the electrical power subsystem dre as
follows:

0o Installation of four regenerative fuel cells and power conditioners
in the 9 foot or the 1% foot transverse boom truss cubes outboard of
the transverse boom alpha Joints,

o Installation of power management controller and inain bus switching unit,

0 Power c.ble installation on the truss and hookup throughout the power
me~>~-~ent and distribution (PMAD) system,




Diis fiber optic connections for data monitoring and PMAD control.

0 Power cable hookup from the snlar hlankets to the sower

O Lhe power conditioning
and storage equipment .,

Installation of four radiators on the transverse boom.

Guidance Navigation and Control Subsystem (GN&C).- This Subsy<tem consists
of magnetic torquers (1f used) and an attitude control assembly (ACA) containing
six to eight control moment gyros {CMG), one inertial reference unit, one or
two stdar trackers and computers. The ACA is the centrai cube for the 9 foot
deployable truss and is preintegrated into tle transverse boom, The ACA is
installed in the central truss cube for the 15 foot erectable truss and on the
outside of the tetrahedral truss. It can have some CMGs missing or unused
until later in the build-up. Trades for the ACA-to-truss interfaces for tf
three truss configurations are shown in Table 1[i-3,

_a

Other assumptions reyarding the GN&C subsystem are as follows:

0 Although active cooling may be required for the CMGs, they must be
designed for interim passive cooling since they must be operated prior
to the “nstallation of the active cooliny system several flights later,

o Installation and hookup of the maynetic torquers is not covered since
this subsystem element and its location are not defined.

o The ACA constitutes the Y foot truss central bay thus assuring truss
alignment, The ACA will be aligned to the 15 foot truss central bay
on the ground. The truss members will be disassenbled and reassembled
on-orbit using the sdme members, therefore, assuring on-orbit alignment

5
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Utilities integration required tor the GN&C subsystem are as fol!lows:

0 Mounting of ACA dt the cross of the bgom and keel; on the ground tor

the 9 ftoot deployable and on-orbit for the 15 foot erectable.
0o Connections to the power subsystem (PMAD),
0 Active thermal control system ammonia pipe hookup.

i o Electrical line to Magnetic torguers located on the keel or the

trans-
verse boom,

o IDMS tiber optic hookup tor data and control tunction transfer,

Communications and Tracking Subsystem (C4T).- Antennas which are installed
on the transverse boom during the First Snuttie tlight are temporary. Atter
the station is built-up they are supplanted by antennas on the upper boom and
the lower part of the truss. These transverse boom mounted antennas either will
be removed and stored or lett in place as spares. For the s»cond Shuttle
flight the orbiter docks to the berthing ring on the transverse boom. The
antennas shown in reference [l-1 have aq stand-oft distance of 20 to 30 feet,
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ATl of these antennas are close to rhe docking Shuttle and some may pnysically
inte fere with this vehicle,

Assumptions regarding tnis subsystem are as follows:
o IF amplifiers, which are installed in the habitatiun/laboratory
nodules will be temporarily installed on the transverse boom unti)

the appi - riate modulas are installed, :

o All antenna installations on the transverse boom made during the first
Shuttle flight are temporary.

o ICGC antennas will not require on-ecrbit alignment to the Space Stat;on
reference axes.

0 Antennas cannot be preintegrated with the 9 foot deployable truss,
Utilities integration required for this subsysten are as follows:

0 Mounting of anternas, wavequides, and transmitters/receivers onto
the truss a.~ MKMS.

o Connections from PMAD subsystem,

0 Coax from modules to transmitter/recejver boxes located near antennas
(from IF amplifiers on the transverse boom during first build-up
Shuttle flight).

0 OMS data lines and processors - fiber optics cables,

o Communication BUS hookup to habitability module,

Inforqggion and Data Management Subsystem, - Assumptions regarding this
subsystem are as follows:

0 All processors ana other devices are parts of the other Subsystems

or installed in modules except when the Space Station s in the edarly
build-up stage.

G Before the habitation nodules are installed, a DMS processoer must
be installed on the transverse boom to process controls and intormg-
tion data from the subsystem for aperation and check-out .

0 An umbilical from this DMS processor, temporarily installed on the
transverse hoom to the Shuttie payload bay, is required for Ccheck-out
and initialization of the interim Space Station,

0 Fiber optics cables can be preinteyrated within the Y toot deployable
truss,




0

0

Jtilities integration requirea for this subsystem are as follows:

Etectrical power to DMS components.

Attachment of fiber optic cables to truss on the preintegrated 9 foot
deployable and on the cn-orbit integrated 15 foot erectable truss.

Propulsion Subsystem.- The propulsion subsystem is described in reference

IT-1. It is noted that there are 1600 feet of rigid, insulated propellant 1ines
with heater blankets required for the I0C Space Station.

Trades for the keei mounted propellant tank assemblies are shown in Table
1I-4. Assumptions regarding this subsystem are as follows:

0

Satellite servicing propellant storage and distribution system is not
considered.

A1l propellant tanks are brought to orbit filled with propellant.

Two three-tank mcdules are mounted within the iower bay of the keel.
These two mndules are preintegrated with the 9 foot deployable and
are installed on-orbit fcr the 15 foot erectable.

Prepellant tanks are covered with electric heater blankets and an
insulation blanket,

Al1 propellant Tines are rigid, stainless steel tubing covered with
electric heater blankets and insulation. They are brought to orbit
empty.

Thruster clusters cannot be preintegrated with the 9 foot truss.
Control of the RCS engines ard propellant management and monitoring

of system performance, temperature, and health will be accomplished
through the DMS fiber optic subsystem.

Utilities integration required for this subsystem are as follows:

0

Mounting of propellart tank modules in the . ~2el and on the logistics
module,

Mounting of RC> engines thruster clusters on the truss.
Installation of 1600 feet of rigid propellant pipe.

Electrical hook-up for power to solenoid valves, heater blankets,
signal and data processors.

DMS fiber optic connections to the propulsion subsystem signal and
data processor.




Thermal Control Subsystem (TCS) Active.- The subsystem described in
reference [I-1 uses two phase anhydrous ammonia to provide Lhree cooling tem-
peratures to the modules and to unspecified payloads. Six ammonia lines are,
therefore, required between the lower radiators and the modules., It ig assumed
tnat six ammonia lines will be required running from the lower radiators to
the top of the keel o provide active ceoling for payloads, These cooling
Tines will be insulated rigid aluminum pipe.

It is not clear whether the lower radiater booms and manifolds can be
preintegrated with the 9 foot truss so that the package can fit into the Shuttle
cargo bay,

The power subsystem provides its own cooling and is not addressed in this
subsystem section of the report. Assumptions regarding the thermal control
subsystem are as follows:

o Three ammonia liquid and three ammonia vapor lines will run the
length of the keel for active cooling of certain elements of the
Space Station.

0 Ammonia lines are insuleted; rigid aluminum pipe and, therefore,
cannot be preintegrated with either truss concept,

0 Pumps and accumulator are brought to orbit with a habitation or
laboratory module. Therefore, the System cannot be used unti] the
Proper medule is installed, the pumps hooked up, and the System js
charged with ammonia,

0 Active heating aspect of thermal control subsystem is not included.
Utilities integration required for this subsystem are as follows:

0 Mounting of six ammonia lines the length of the keel, keel exten-
sions, and to heat exchangers on al) modules,

0 Mounting/deployment or radiator panels near the keel extensions
(includes the lower alpha joint),

0 Electrical power to pumps, control devices and thermal control sub-
System data processors.,

0 Hookup of ammonia lines to cold plates, heat exchangers and pumps.
0 DMS fiber optic hookup to TCS signal and data processors,

Structures and Mechanisms.- A Separate study of a rotary joint for the
9 foot truss is in progress. The bearing is 6 faet in diameter and 26 inches
long and considered to be state-of-the-art. The bearing, preintegrated with
the 9 foot truss bays, is shown in figure 11-3, A feasible continuous bearing
for the 15 foot bay truss may require extensijve development. An alternative dis-
crete bearing concept is shown in figure I1-4, 1In ali truss configurations
electrical power will be transmitted across the rotary joint through a center
mounted roll ring assembly which is under development by Lewis Research Center.

Trades on the truss impacts on the rotary joint are contained in Table I]-5,
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A concept for the MRMS envisioned for Station build-up, transport of
modules and other hardware, and staticn and payload servicing is that shown in
figure II-5 and described in reference II-4. This MRMS is approximately the
size of a truss bay for the 9 foot and 15 foot trusses and approximately 9 feet
by 18 feet for the tetrahedral truss. It travels on guide pins mounted on the
truss nodes and thus avoids the need for truss mounted rails. Trades for MRMS
integration are shown in Table 11-6.

i awr a  Foma i Ao

Assumptions regarding the structures and mechanisms subsystem are as follows:

o Electrical power and DMS signals, either electrical or fiber optic,
are the only utilitins crossing the alpha joints on the upper boom.

o Ammonia 1iquid and vapor, DMS signais, and electricai power cross
the lower alpha joint to the lower radiators.

o The truss diagonals for all preintegrated 9 foot truss bays are not
spring loaded and can be easily removed for access to preintegrated
subsystem elements.

o The EVA and environmental control and life support subsystem (ECLSS)
utilities integration are considered to be included with the module
utilities integration.

Ytilities integration required for the structures and mechanisms subsystem
are as follows:

¢ Rotary joint installation cn the transverse boom.
o MRMS installation onto the truss.

0o Mounting of modules to truss.

¢ Module-to-module and module-to-airlock attachment.
o Electrical power hookups to the modules.

o DMS fiber optic hookups to the modules,

o Coaxial cable hookup to module which feeds the C&T transmitters and
receivers on the lower keel and upper boom,

o Installation of propellant tanks and propellant feed 1ine toc logistics
module.

o Hookup of ammonia 1ines to module heat exchangers.

o Hookup of electrical power and DMS data linas to the upper alpha
joints and electrical power, DMS data lines, and ammonia lines to the
lower alpha joints,




Preintegration or on-orbit installation of electrical power, electrical
signal, coax, and fiber optic cable harnesses throughout the space
station truss.

0 MRMS battery cherging station installation and hookup.

SUBSYSTEM INTEGRATION SUMMARY

The degree of subsystem preintegration with the 9 foot deployable truss

shown in reference II-1 is not being realized as more subsystem description
data becomes avaiiable. Subsystem integration summary trade comparison for the
deployable versus erectable trusses is shown in Table II-7. A summary of the
subsystem integration effects is as follows:

1.

Power cable, coaxial and fiber optic cables, attitude control assembly
(ACA), transverse boom mounted rotary joint, outboard regenerative fuel
cell and power conditioners, and keel mounted propellant tanks can be
preintegrated into the 9 foot depioyable truss.

Reaction control system (RCS) thruster clusters, temporarily mounted
transverse boom antennas, RF boxes, and data management subsystem (DMS)
central processor cannot be preintegrated.

The inboard regenerative fuel cell and power conditioner cannot be pre-
integrated into the transverse boom.

Beta joints and deployable photovoltaic blankets can he preintegrated
provided their packaged confiquration is as shown in reference II-1.

Thermal control iines and propellant lines are rigid insulated tubing and
cannot be preintegrated.

Fifteen foot erectable truss provides the most space and access for
jnstallation and servicing of all subsystem elements.

Rotary joint studies for the 9 foot truss are further along than for the
15 foot truss. Further definition of the rotary joint is necessary in
order to assess its effect on subsystem integration.

The on-orbit integrated truss construction approach with modularized sub-
system integration has potential for simplifying the systems engineering
and integration process between subsystem elements and work packages.

;4
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ITI.  CONSTRUCTION OPERATIUNS

As part of the Deployable/Erectable trade study, concerns about the
construction operations ¢f Space Station were examined. These concerns included;
1) the construction procedures and the feasibility of these procedures, 2) the
number of extravehicular activity (EVA) hours required to reach the Initial
Operational Capability (I0C) configuration, 3) the ability to package the desig-
nated components into the Shuttle cargo bay for each flight, and 4) the Shuttie
flights required to accommodate the space station components, and the possible
alternatives to the construction procedures and the packaging of the components,

Previously, the construction operations were addressed in the Space Station
Reference Document (reference II1-1). In the Reference Document suggestions
were made for the construction of Space Station using three different truss
configurations. In addition, the construction time required to assemble the
9 foot deployable truss structure was presented. This section of the deployable/
erectable trade study readdresses the procedures for construction of the I10C
using the 9 foot deployable truss structure and also addresses the procedures
for construction of the '5 foot erectable truss structure.

Construction Procedures

For the construction procedures, the 15 foot erectable truss structure
configuration and the 9 foot deployable truss structure configuration, as seen
in figures III-1 and [1I-2, were used as models. Both are based on the Reference
Document Configuration of Space Station, the power tower.

As part of the development of the construction .rocedures, the assumptions
shown in Table III-1 were made. Based on these assumptions and the construction
scenario in the reference document, construction procedures for I0C were formu-

lated. The procedures, corresponding assumptions, and references are given in
Appendix B.

The erectabie and deployable configurations have the same assembly objec-
tives per Shuttle flight. As shown in Appendix B, each flight is broken down
into the various construction tasks and each task is allotted an amount of time
in which to be accomplished. These times are based on previous EVA experience
in space or in neutral buoyancy simulation. Each task is also given a
feasibility rating. The rating system is as follows:

1 - has been done in space
2 - has been done in neutral buoyancy (1g weightless simulation)
3 - has been done in lg

has never been done




These ratings are based on known data and do not attempt to determine whether a
task could or could not be accomplished in space, A further breakdown of the
feasibility ratings for tasks is shown in Appendix C.

The erectable truss is constructed using a continuous piece by piece
assembly operation, while the deployable truss is constructed in sections that
are attached in segments and then deployed. All subsystems for the erectable
truss must be installed on-orbit. Although some subsystems can be pre-integrated
for the depioyable structure (see Appendix B), there are some subsystems which
must be installed on orbit.

The erectable truss supports a Mobile Remote Manipulator System (MRMS)
with a 15-foot square platform while the deployable truss only supports a 9-
foot square MRMS platform. Because of the larger area more equipment can be
transported in a single trip by the erectable truss MRMS than the deployable
truss MRMS, This results in fewer trips by the erectable truss MRMS as can
be seen in the procedures, particularly Shuttle Flight II in Appendix B.

Figures (ITI-3 and I111-9) show the space station construction, flight
by flight. These figures are of the deployable truss but the components and
configuration would be the same as for the erectable truss.

EVA Requirements

For the procedures examined in this study, the EVA requirements were based
on the current EVA procedures used for the Space Shuttle. All assembly work
was considered done by a two-man EVA team in EMU (Extravehicular Mobility Unit)
pressure suits. The maximum time for construction operations for a crewman was
six hours per EVA. This time did not include setting up equipment in the cargo
tay, adjustment to working in the suits, or clean up of the cargo bay at the
end of an activity.

The EVA crew for the erectable truss was actively involved in construction
procedures at all times, while the EVA crew for the deployable truss had periods
of inactivity in which they were inspecting deployment operations.

The total amount of EVA time required to construct the IOC space station
is 111.5 hours for the erectable truss structure and 96.2 hours for the deploy-
able truss-structure (see Appendix B)., Figure I11-10 shows the total EVA hours
required per Shuttle flight and breaks these hours down according to the foliowing
eight possible tasks: building/deploying the structure; lcading/unloading tne
MeMS; installing the radiators; installing power cables, ammonia 1ines, and
fuel lines; installing modules and airlocks; installing Utility Power Controllers
(UPC)/Main Bus Switching Units (MBSU)/Power Management Controllers (PMC) and
antenna systems; MRMS travel time not directly involved with construction of
structure or subsystem installation; and all remaining unclassified tasks.

Building the structure for the erectable truss involved the construction
of the main truss framework including the three bays encompassing the GN&C,
and the power conditioning units (RFC/PWR). Deploying the structure for the
deployable truss involved the installation of each section of truss plus the
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deployment and inspection of the main truss framework. For th" erectable
structure, it would take 1 minute a strut or 13 minutes a bay to build the
structure and for the deployable structure, it would take 5 minutes a bay to
deploy the structure. Because of the time involved to install the segments of
deployable truss and because there are more 9 foot bays required to equal the
same length of 15 foot bay size structure, there is 1ittle difference between
the two methods in the time to construct the truss structure. The exception is
Flight I where the GN&C and power conditioning units were installed for the
erectavle truss and preintegrated for the deployable truss.

Loading and unloading the MRMS would take more time for the erectable than

the deployable truss since the erectable truss had more components to be installed
on-orbit.

For both structures the radiators were installed similarly and, therefore,
the times do not vary between the two methods of assembly.

The ammonia pipes and hydrazine fuel lines were laid in bay size sections.
The power cables are preintegrated in the deployable structure and installed
in the erectable structure. Even with the preintegration, again because there
are more 9 foot bays than 15 foot bays, the time required to install the ammonia
and fuel lines is longer for the deployable structure than the erectable.

The modules, «irlocks, UPCs, MBSUs, PMCs, and antennas are installed
similarly between the erectable and deployable structure, and there is no large
difference between the two construction methods. However, there are several
UPC/MBSU/PMC units and antennas for both configurations thus resulting in the
large installation times, particularly Flights Il and IV.

The MRMS travel time, as already mentioned, is travel not directly involved
with construction but involves the transport of equipment from one fixed point
to another. The effect on construction time is more pronounced for the deployable
structure because the MRMS platform is smaller and cannot carry as much equipment
in one trip as the MRMS for the erectable structure.

1 As a comparison to the previous study on the required EVA time for the '

' deployable 9 foot truss given in the Reference Document, figure III-11 shows t
the Reference Document time line and this trade study's time line. Much of the

additional time now seen in the trade study is due to incorperating the instal-

lation of several subsystems not included in the Reference Document procedures.

These systems have almost doubled the first predicted time lines.

Figure I11-12 shows a comparison between the time to construct the erectable
structure and the time to construct the deployable structure for the main truss
structure alone. A total of 24.25 hours of construction is required for the
erectable truss as opposed to 21.35 hours of construction for the deployable
truss. This chart includes any loading and unloading of the MRMS and any travel
time of the MRMS that would be required to build the basic truss structure as
well as the actual construction times.

The number of EVAs (composed of a team of two crewmen) required to support

each Shuttle flight is shown in figure I111-13. An estimate of the minimum
number of crew and days in flight are indicated based on the assumption of 6
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hour EVAs with 24 hours drying time between the use of each EMU. EVAs are
assumed to be available on the second day of the flight (a condition not yet
practiced). For flights with only three or four EVAs, one EVA crew could fill
Lhe requiremenis, however, on fiight requiring five to eight EVAs, two alter-
nating EVA crews would be required. Two EVA crews may not be a realistic
approach as they would require five EMU pressure suits and the stowage of these
suits in the Shuttle may be difficuit to achieve,

Packaging

The construction procedures and the EVA time lines are based on the Space
Station components required on a given Shuttle flight, not on the weight or
volume of these components. A list of the Space Station components, their
packaging sizes, and their weights is given in Appendix D.

Many of the component package sizes were derived from the Reference
Document, others were assumed or are unknown. The same considerations were
used in determining the weights of these components,

It is assumed the usable envelope of the shuttle cargo bay is 55 feet long
and 14.5 feet in diameter for the space station components. The current build-
up scenario causes some flights to violate this volume constraint.

For the erectable truss structure Flight V, which includes the logistics
module and additions to the transverse boom, the combined length of the radia-
tors and the logistic module violates the 55 foot length restraint, as does the
combined diameter of the solar arrays and the power conditioning units (RFC/FAR).

Similar problems are seen for Flight V of the deployable structure. Also
Flight I of the deployable structure exceeds the volume requirements with solar
array cannisters that extend 17 feet across the cargo bay diameter. Flight II
of the deployable structure, although it does not exceed the volume restraints,
does just meet the restraints.

In all cases, restraints, pallets, and cradles that may be used in the
cargo bay to contain the components and secure them for launch and landing
loads have not been included in the sizing of most of the pac:ages, and will
have an impact on the final packaging of these components.

The Shuttle can transport up to 65,000 1b of cargo to low Earth orbit and
up to 32,000 1b of cargo to a high Earth orbit (see reference I11-2). The
Reference Document identifies a 270 nmi circular orbit for Space Station.
Depending upon whether Space Station is constructed at the 270 nmi orbit or
constructed at a lower orbit and boosted to the higher permanent orbit will
determine how many of the components the Shuttle will be able to carry to orbit
per flight. As can be seen in Appendix D, only Flights I and II of both the
erectable and deployabie structure are under a 35,000 1b weight. And because
of unknown weights in those flights, as welil as flights III-VII the total cargo
weight will increase,
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Because of these volume and weight constraints, it is highly probable the
Reference Document's and this trade study's construction procedures will be
changed to accommodate the constraints. Although the tasks and the required
EVA hours to construct Space Staticn on each flight may be rearranged, the
time to perform the tasks should remain constant.

Shuttle Flights Required and Alternatives

This study uses for a basis the seven Shuttle flight construction scenario
outlined in the Reference Document. Because of concerns already addressed in
this paper, the number of Shuttle flights required to construct Space Station
could change. Table III-2 lists several alternatives to the construction
scenario used in this study and their implications on the number of Shuttle
flights. Two of the alternatives 1isted involve construction procedures incor-
porating the MRMS capibilities.

For the erectable construction approach as outlined by the scenarjo for
Shuttle Flight 1, Appendix B, a framework is to be erected across the shuttle
cargo bay. The Space Station traisverse beam would be erected from this frame-
work. An alternative is to build the docking bay across the cargo bay using
the Shuttle manipulator foot restraint and the MRMS as depicte< in figure I11-14,
Once the docking bay is completed with the MRMS attached the transverse beam
would be built off the docking bay using the procedures already established
in the appendix.

An alternative which uses the MRMS in the deployable truss scenario is
shown in figure III-15. Instead of developing a depioyer for the truss struc-
ture, the MRMS could be used for the same function. The MRMS push-bar would
deploy the structure by attaching to the nodal joints and pushing the bay into
its deployed position. The MRMS would then move its platform onto the recently
deployed bay and proceed to deploy the next bay in tre series. By using the
MRMS as a deployer, the cost and weight of a deployer mechanism would be elimi-
nated and the research and development involved could be transferred to enhancing
the MRMS capabilities. Both of these alternatives would likely decrease EVA
time required for construction,

Taking into account the best conditions to the worse conditions to build
the Space Station, it is estimated to take from six to nine Shuttle flights for
the erectable structure and seven to ten Shuttle flights for the deployable
structure. Most of the additionai flights would be created to compensate for
volume and weight restraints not EVA hours.

Conclusions/Recommendations

This section of the deployable/erectabie trade study addressed construction
operations of the I0C using the 9 foot deployable trus- structure and the 15-
foot erectable truss structure, Concerns in this study included 1) construction
procedures and their feasibility, 2) EVA hours required, 3) packaging of the
Space Station components, and 4) Shuttle flights required and alternatives to
construction procedures and packaging.
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Out of these concerns two items present themselves as pessible discriminators
between an erectable and a devloyable truss configuration. The first is pre-
integration vs. integration on-ortit. I[n this study, the deployable is able to
take advantage of preintegration and save EVA construction time on the first
Shuttle flignt, However, in the following flights, both structures require
sufficient or-orbit integration to negate any further advantage of the
deployable over the erectable,

The second discriminator would be the actual tasks pertormed by the EVA
crews. The erectable truss structure requires constant assembly work, wherz the
deployable truss structure does allow the crews to rest during decloyment where
they are only required tc inspect the structure. However, inis only amounts to
approximately 14.6 hours out of 96.2 hours, 15 percent of the total deployable
structure construction time.

These two discriminators are not strong aryuments for one truss structure
or the other when coupled with the total Evi hours of constructicn time; 111
hours for erectable vs., 96 hours for deployable. Therefore, EVA in and of
itself is not a major discriminator between the two structures,

However, the number of EVAs per flight as shown on the chart in Table [11-3
is a deficiency which needs to be resolved, Flights 1, [T, and IV need to be
reconstructed so as to redistribute the EVA nours to three or four EVAs per
flight staying within a much more reasonable work envelope for the crew and
Shuttle support, Three EVAs per flight allows for 126 hours of crew EVA time,
Indicating that the 111 hours of erectable truss construction and the 96 hours
of deployable truss construction are satisfactory numbers tor EVA hours.

A much more serious area of concern is the weight and volume constraints
of the Shuttle cargo bay. Depending upon final size and weight of the Space
Station components, the number of flights to build Space Station may vary from
Six to nine flights for the erectable structure and seven to ten flights for
the deployable structure. Further consideration in this area is recommended
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IV. COsT ANALYSTS
Introduction

The Space Station truss cost trade off analysis represents s four week
effort to ecamire, in as much engineering detail as possible, potential con-
figurations of the primary truss for the Space Station struicture. The truss
configurations examined are the fifteen foot erectable and the nine foot deploy-
able with deployer,

The conclusions reached are the sple perspective of the estimators and are
based on the review of many documents and engineering definitson provided by
numerous project enyineers Within NASA. The results presented in this study
should be regarded both as a completed first step within the design-to-cost pro-
cess and as a stepping off point for improving the cost estimates provided here
through refined engineering definition, for examining additional truss design
alternatives, and for obtaining a better estimate of the cost of the fully
integrated truss.

Modeling Approach

Design Assumptions. - The engineering design for the fifteen foot erectable
was suppTied by the Structural Concepts Branch at the Lanalev Research Center
(LaRC) and is based on the node and node fitting design as shown in figure IV-1.
It was assumed that the fifteen foot erectable final assembly would be completed
in an extravehicular activity (EVA) environment, An attempt was made duriug the
study to use a detaijed description of the most recent Rockwell International
truss/d2player design. However, details could not be obtained during the short
time frame available, Hence, the nine foot deployable was adapted from a Rock-
well International design defined in figures 1,3-2 through 1,3-8 of reference
Iv-1, which is i1lustrated by fiqure Iv-2, A bidirection deployer was assumed
50 the deployer was composed of (wo back-to-back units of the deployment mechan-
isms shown in figure Iv-3. EvaA guidelines were supplied by the LaRC Structural
Concepts Branch. The "mushroom" guide pin was ascumed to be used for both con-
figurations and was assumed to be machined from aluminum,

Estimating Ground Rules.- The basic estimating ground rules are shown in
figure TV-4, It 33 important to note that g Tow, medium, and high cost were
estimated for each Work Breakdown Structure (WBS) element. These costs are
based on the best possibie believable, the expected, and the worst possible

believable engineering scenarios, The assumptions describing the engineering
process for each scenarig were used to provide respective costs based on the

associated with a believable engineering process, Similarly, the high cost may
be interpreted as the maximum cost associated with a believable engineering
Frocess. As such, no statistical interpretation can be mearingfully attached
to these numbers. To de so would imply statistical knowledge whici ig not
available,
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No consideration has been given to which budget the money comes from since
the intent is to compare resources requirei to do the job. For example, EVA is
considered part of the cost even though it may come ocut of an operation. budyet.
Budgetary adjustments may be provided by the reader.

No consideration has been given to which contractor will deveiop and pro-
duce the truss. However, the Tow estimates assume contractors which have
performed this work before and have many existing plans and procedures which
can be applied. Conversely, the high estimates assume contractors which nave
few or no existing plans and procedures to apply.

A risk analysis has been applied which is based on the definition of the
engineering process by engineers, rot on the engineers nerception of cost.
This results from using the low, medium, and high estimates obtained from the
engineering scenarios and applying a statistical process to those cost numbers.
For this study, risk is assumed to include both technological/production iisk
as well as the risk associated with the ability of engineering/estimating
personnel to define the bounds within which the engineering process will fall.

The scope of the tradeoff study is shown in ficure IV-5. Because of the
short estimating time frame, only the primary truss structure, its associated
integration and test (I&T), the deployer, its associated I&T, the truss/deployer
I&T, the associated construction EVA, the remaining EVA for integration of other
systems with the primary truss, and that portion of the system I&T which would
be performed by the truss team have been included.

Shuittle flights have not been included since the yuidelines provided to
the cost estimators for this study do not indicate a difference in the number
of flights required between configurations.

A desirable output for the study is a cost estimate for both the truss
after assembly in space while awaiting integration with truss attachments and
a cost estimate for the activity required to integrate all truss attachments
to the truss. The cost of integration can only be estimated after a detailed
examination of all attachments and their associated attachment processes. Both
the short time available for the study and the lack of available engineering
definition of the attachments and attachment processes prohibited completion
of such an estimate. A reduced goal of obtaining the cost of the participation
of the truss/deployer team within the total system I8T process was realized.
This is shown by figure IV-6 which illustrates the® the system [&T process is
composed of the efforts of a large number of team participants associated with
the respective subsystems. Whereas the total system I&T cost could not be
estimated within available resources, the truss team's participatory effort
could be estimated.

The scope was further narrowed by specifically excluding the rotary joints,
the solar arrays, the radiators, the antennas, the modules, other attached
appendages, integration and test of sensors and control, all electronics, all
software, and all secondary structure for attaching modules, cables, pipes,
antennas, etc. It was also assumed that there would be no requirement for the
construction of facilities for assembly and test. These assumptions were neces-
sary due to lack of engineering definition and estimating schedule constraints,
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Basis of Estimate

Lost Analysis.- The Marshall Space Flight Center Space Station Cost Model
(SSCM) and the General Dynamics Convair Division, Large Advanced Space Systems
(LASS) Computer-Aided Design and Analysis Program Cost Model defined in reference
IV-2 were examined for use as estimating tools, Both are designed to be used
at a nigh WBS level which does not permit estimating cost within subsystems
based on detailed engineering definition. Consequently, the RCA PRICE cost
estimating model defined by reference IV-3 was used since it permits cost esti-
mating at any WBS level for which calibration data exists. LaRC has beer using
PRICE for engineering detail based estimates for a number of years and has a
reasonable calibration base for the level of detail used in this study,

The groundwork for the study was laid by establishing comparable work
breakdown structures as shown in figure IV-7, The primary difference is that
the fifteen foot erectable does not require a deployment mechanism.

The analysis was perfor sed at the Towest level in the work breakdown
structure at which engineering definition could be obtained in sufficient
detail to obtain parameters for the RCA PRICE cost estimating program. This
was often the smallest metal or graphite/epoxy component in the assembly pro-
cess.  This is illustrated in figure IV-7 in that the estimating process was
applied to the individual metal components of the node fitting in figure 1v-1,

Engineering Assumptions.- Each of the WBS elements at which cost is
estimated 15 called a cost generation center and may represent any of a number
of types of hardware or software end items as shown by figure 1V-8. For this
study all were either structural or electromechanical. For each cost genera-
tion center a number of engineering based assumptions were made, Although a
uniform manned space specification level was assumed, individual considerations
at each KBS element determined the number of prototypes, the amount of new
design required, the familiarity of the design team with the truss/deployer, .
the quality of the design team, the amount of design repeat captured, the number e
of production items, the complexity of the manufacturing process, the number of
items integrated and carried to the next higher WCS level, and the complexity
ot the integration process,

In addition, a large number of engineering process based assumptions were
made. The general tendency was to assume that the tasks were partitioned out
to engineers familiar with the process, The manufacturing complexities were
generated using the PRICE MCPLXS generator based on part tolerances of 10/10000
in. for the Tow, 5/10000 in., for the medium, and 1/10000 in. for the high
ccenarios. Appropriate assembly tolerance and preduction improvement adjustments
were made to account for the use of numerical control processes. The contractual
process was considered by assuming that parts for the Tow case would be supplied
by a first level subcontractor, for the medium case would be supplied in fifty
percent of the cases by a second Tevel subcontractor, and for the high case
would be supplied totally by a second level subcontractor., As integration and
test approached the system level, more of the effort was assumed to be performed
by the prime contractor with less second level subcontractor-participation.
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A1l configurations were costed using aluminum (low cost), stainless steel
(medium cost), and titanium (high cost) since there is uncertainty as to which
would be used or if some combination of all three would be used.

Two percent of the base parts were added as prototypes for individual
evaluation and testing. Eight percent of base parts were added to production
for testing and spares. Five percent of base parts, which were included in
the eight percent above, wer2 assumed to be fully integrated in the next higher
assembly. The remainder were for individual piece part testing and spares,

A1l diagonals and longerons were assumed to be made of a 60/40 mix of
pitch 75 graphite fiber and epoxy. The excess laminate in the work breakdown
structure accounts for the cost of graphite/epoxy above $20 per pound which is
the value that the PRICE MCPLXS complexity generator uses. All tongerons and
diagonals were reduced in length to compensate for the length of the node (end)
fittings. Additional tooling in production was accounted for by using an ext-a
tooling ratio of 2.0 for the low case, 2.5 for the medium case, and 2.9 for i.e
high case.

The fifteen foot erectable truss part count and mass properties are shown
in figure IV-9. The nine foot deployable truss part count and mass properties
are shown in figure [V-10,

EVA Assumptions.- For EVA astronaut training cost has been assumed the
only development cost since shuttle technology use is the baseline assumption.
The production cost is based on an application of the Shuttle Reimbursement
Guide (reference I1V-4) to EVA timelines supplied by the LaRC Structural Concepts
Branch. Due to lack of definitive information during the study, wide bounds
were assumed with the intent of providing refined engineering definition later.

EVA was split into two WBS elements. The first element is the EVA necessary
for the construction of the truss only. The second includes all other EVA time
such as attaching modules, integrating power, etc. The intent is to distinguish
between resources necessary to deliver a finished truss and resources required
for system I&T so that trusses may be compared in a like manner. Tre percentage
of EVA cost for each WBS element was determined based on the percentage each
functicon represented of the total,

For astronaut training a baseline CER from the LASS cost model for space
constructien crew training was scaled up to 1987 dollars. The low assumption
was that the cost per trainee would be only eighty percent of the CER value,
that only four astronauts would be trained, and that those astronauts would qo
on each flight. The medium assumption was that the cost per trainee would be
that of the CER and the five astronauts from four (20 total) different crews
would be trained. The high assumption was that the cost per trainee was thirty
percent more than the CER and that all seven astronauts would be trained for
each of the seven flights (49 total).

For EVA production cost the cost of a unit of EVA is based on the Shuttle
Reimbursement Guide (reference IV-4) which when scaled up to 1987 dollars costs
a minimum of 156,000 dollars and a maximum of 261,000 dollars. The geometric
mean of 202,000 dollars was used for the medium. An EVA unit consists of suits
for two astronauts plus a spare and all consumables for the flight,




The EVA guidelines provided were assumed to correspond to the low cost.
The medium was based on 25 percent additional hours. The high was based on 75
percent more hours. When more than twenty-fcur team hours of EVA were required
on a flight, it was assumed that a second crew would be required for that flight,
thus requiring two units of EVA. When more than 42 team hours were required,
it was assumed that the excess hours were to be added to the next flight.

For the fifteen foot erectable truss the number of EVA units assumed to
be required for the seven flights for the Tow assumption was nine, for the
medium assumption was ten based on trouble in only one flight meeting the time-
lines, and for the high assumption was eleven based on trouble meeting timelines
on two flights.

For the nine foot deployable truss the number of EVA units assumed to be
required for the seven flights for the low assumption was eight, for the medium
assumption was nine based on trouble in only one flight meeting the timelines,
and for the high assumption was ten based on trouble meeting timelines on two
flights.

Cost Risk Analysis

Cost Risk Analysis Model.- Ail of the previously discussed assumptions,
plus additional engineering assumptions, were put into the PRICE model which
provided costs which were then put into a spreadsheet program where the markup
factors were applied to generate inputs to the risk analysis program. This
estimating process is illustrated by figure IV-11.

A cost risk analysis was performed for each configuration, The objective
was to get an approximation of the distribution of possible projects costs anc
to obtain an estimate of the expected delivered cost.

Often the estimator is requested to provide the cost of the delivered
project. The only possible way the final cost of a project could be provided
prior to its initiation would be to know the final configuration of the
deliverables and also the exact process by which that configuration was
realized. At this stage of the design process this is clearly impossible.

The engineering process by which the project js brought into being is

dynamic. A possible model for this process js a network in which each node is

a decision point. As the decision is made at each node a particular path is
taken. The path resulting from the combination of all decisions within the
project defines the path representing the finished project. The network of all
paths represents the totality of all possible projects which could have ensued
from the beginning of the project. A cost risk analysis examines this network
with the intent of approximating the range and distribution of all preject costs.

The project cost distribution has been approximated representing each cost
generating center by three paths associated with the most optimistic, the
expected, and the most pessimistic engineering process assumptions as seen by
the engineering/estimator staff. The low, medium, and high costs for each cost
generating center are thus functions of the PRICE parameters which correspond
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to the most optimistic, the expected, and the most pessimistic engineering
process assumptions. The cost produced from the cost generating center is then
selected from the associated low, medium, and high cost for that center with
equal probability. Many other selection weightings are possible, but none seem
more justifiable prior to detailed examination of the probabitity distribution
of each center than an equally weighted selection which assumes that no informa-
tion about the distribution is available., The probability densi“y and cumula-
tive distribution functions are then determined as described for the typical
cost risk anaiysis based on the collection of a thousand random project cost
sums. This approximation was feasible within the time frame since the low, -
medium, and high costs were estimated in order to bound the range of possible
project cost. Thus, the risk analysis was performed by running three complete
PRICE runs for each configuration and then using the available data.

Since the cost estimating relationships in PRICE are monotonically
increasing functions of their parameters we are assured that the sum of the
lowest values for all cost generation centers is the lowest of all possible
sums. Similarly, the sum of the highs of all the cost generation centers is
the highest of all the sums. Thus, the low and high runs also properly bound
the range of believable project costs as desired.

Cost Risk Analysis summary.- The expected delivered costs for the
unintegrated trusses are summarized in figure IV-12. The expected dei:vered
costs for the integrated trusses 1ncluding the truss team participation in the
system I&T is shown in figure IV-13. The numbers on these figures have been
normalized to the high cost of figure I1v-13,

The lows for each configuration represent the 1lowest believable cost, the
mediums represent the cost based on the expected engineering scenario, and the
highs represent the highest believable cost, All are based on specific point
designs which represent the early phases of the design process and are thus
subject to refinement based upon improved engineering definition. As such,
these estimates represent a first step in the design-to-cost process. Note

that the risk estimate is the expected delivered cost to NASA based upon the
risk analysis.

Conclusions h

structure, the EVA associated with truss assembly, the EVA associated with
truss system integration activities, and the truss team system I&T contribution.

Figure IV-16 indicates clearly that the deployer can add significa~t cost
to the project and should certainly be examined for innovative cost reduction
designs should that option be chosen. It also indicates that based on current
timelines, EVA is not a major discriminator between truss design configurations.

i Figures IV-14 and IV-15 show the relative distributions of cost for
E

Table IV-1 provides a summary of the cost ratings in the standard report
comparison form, The nine foot deployable point design as estimated in this
Study was rated deficient because of the large addition to cost generated by
the required deployment mechanism. The fifteen foot erectable was given an
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advantage tor two reasons. First, a fifteen foot concept has less mass than a
comparable nine foot concept and will cost less based on the reduced size,
material requirement, and part count. Second, the erectable concept will cost
less because it does not require a complicated deployment mechanism, thus
reducing size, material requirement, and part count further. The fifteen foot
PACTRUSS and the tetrahedral were not rated.
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V. TRUSS CRITERIA

Several Space Station truss structure considerations which could aid in
the discrimination between erectable and deployable concepts are discussed in
this section. Structural redundancy and .ts influence on safety, crbital
operations, reliability, and ease of repair and maintenance will be addressed.
Compiexities due to variations in joint stiffness, nonlinear characteristics,
and design detail and how they effect the accuracies of analytical and model
test methods in predicting the Space Station response to loads are discussed.
Results from modal anal,ses and transient response studies for various expected
loading conditions on the reference ccnfigurations are presented and compared.
These results are used to investigate possibie structural flexibility influences
on rigid body attitude control systems. Quantitative information is provided
as an aid in assessing the risk involved in deploying the orthogonal tetrahedr ]
truss beam compcnents of the single-fold reference configuration. Also provided
are discussions of a rigid body control analysis and a truss thermal analysis.

V-A-1, Structural Redundancy

The main concerns with structural redundancy are considered to be safety
in the case of an accident, and reliability of the deployment or erection
process. A summary chart is presented in Table V-A-1.

Safety.- Safety issues are more strongly influenceu by the structural
type (i.e., single vs., multibay keel) than the construction approach, such

as deployable cr erectable. Loss of a longeron strut from a single bay keel
(reference configuration) reduces by approximately 50% the beam stiffness and
load carrying capability (see figure V-A-1) whereas the loss of a node results
in a 100% reduction of stiffness and load carrying capability. Due to struc-
tural redundancy, a multibay keel retains its structur2l integrity with slightly
reduced capabilities for either a longeron strut or node loss.

Orbital Operations.- Safety concerns are paramount during all orbital
operations., Therefore, operations on a single bay structure which is
susceptible to a critical accident due to lact of structural redundancy will h
probably be greatly restricted. However, operations on a multibay structure
which is much less susceptible to a critical accident due to high structural
redundancy, w;11 probably be less restricted.

keliability.- Deployment of a redundant structure requires that sufficient
joint freedom or clearance be provided during the deployment process to permit
the reliable lockup of all folding or telescoping members and joints. The
resultant reduction in stiffness that occurs requires the addition of a pre-
tensioning system, with its attendant complexity and reliability features.
Alternately, structurally tight joints may be used but the resulting hign
frictional forces requires the addition of a system for applying hign deployment
forces with its attendant complexity and reliability features. Cunversely,
the erection of redundant structures has been proven by experiment (referonce
V-A-1) to be both efficient and reliable using joints designs that display
essentially zero free play and 1inear behavior (see paraaraph V-8).

83




TR e iy

V-A-2. Repairability and Maintainability

The main concern with struciural repair and maintenance is the ability
to easily replace structural truss componients on orbit. A summary of the
salient findings 1s presented n Table V-A-2.

Longeron or Diagonal Rerlacement.- The effect of joint free play requires
that daployable structures with and without Joint preload systems be considered.
To date, the only deplcyable Joint preload concept proposed employs 3 tension
cable which is tensioned after deployment to remove free play in the structure,
Deployable trusses without a pretension system require tighter Joints, which
will require special tools and some difficulty to remove the hinge pins in order
to change the strut. Reinsertion of a new strut, in this case, could require
additional fixtures to align the new strut hinge pin holes with the existing
structure hinge pin holes if movement has occurred due to thermal or station
keeping lcads,

Deployable trusses with pretension cables inside the struts are considered
to be extremely difficult to replace. Station operation is affected in that
the pretension system must be relaxed (with attendant impact on the station
stiffness and operations) to permit the necessary operations of pin removal,
cable breaking and reattachment, and structural realignment/pin insertion to
take place. Moving the pretension cable outside the strut removes the problem
of breaking and reattaching the cable, however, all other difficulties remain.
Pretension cables outside the struts, however, add an increased risk during
deployment (i.e.- cable mandgement protlem) and an eccentric load to each strut.
Pretension cables anywhere result in a reducticn of load carrying capability of
the preloaded strut.

Replacement of an erectable structure diagonal or longercn is accomplished
by simply reversing the assembly process. It is recognized that strut length
variations due to thermal or station keeping loads could occur but are more
easily accommodated by design features of the side attachment Joints which
permit insertion under worst case conditions. Underwater assembly tests of
struts which underwent length changes due to hygroscopic effects was accomplished
with little or no difficulty (reference V-A-1).

Node or Batten Replacement.- With a single fold deployable truss, such as
the example shown Tn figure V-A-2, which has rigid batten frames, it is
essentially impossible to replace a batten or node on orbit without breaking
the station structure or bridging around the frame with an auxiliiary structure.
A1l previous discussion concerning pretension cables, tools and fixtires also
apply here. The addition of a ficld break (i.e.,- erectable joint) in each
batten member would ease the batten replacement problem (while adding mass),
but nodal replacement difficulties remain due to the pin joints and preten-
sioning cables attached to every node.

Erectable truss node or batten replacement is accomplished by simply
reversing the assembly process and has been demonstrated by test (reference
V'A'l)v
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EVA Repair and Maintenan. : Capability.- An EVA repair and maintenance
capahility is required hy hoth the deployahle and erectable structural
approaches, and is, therefore, not a discriminator between the twe approaches.
However, past experience during assembly tests has demonstrated the necescity
for a device such as the MRMS shown in ficure V-A-3. A multipurpose device,
vhe MRMS positions the astronaut as needed at a work site and provides a force
and moment capability between the astronaut and structure, Jt also serves as
a utility truce or platform supporting construction and paylouad attachment or
servicing as well as repair and maintenance functions (see references V-A-2,
V-4-3).

V-A-3. Trade Comparison

A summary of the deployable vs. erectable trade study results is shown in
lable V-A-3. The erectable truss was found to display a distinct advantage
in repair and maintenance capability. All deployable trusses considered were
found to be repairable but with much greater difficulty and/or greater mass,
complexity and cost penalty. The ease of repairing an erectable structure,
and conversely, trhe difficulty of repairing a deployable structuce is also
related tn the yrowth and/or reconfiquration capability of each structural
approach,

REFERENCES

V-A-1: Heard, W. L., Jr., et, al.: A Mobile Work Station Concept for
Mechanically Aided Astronaut Assembly of lLarge Space Trusses. NASA
TP-2108, March 1983,

V-A-2: Mikulas, M. M., Jr., et. al.: A Manned-Machine Space Station Construr-
tion Concept. NASA TM-85762, February 1984,

V-A-3: Bush, H. G., et, al.: Conceptual Design of a Mobiie Remote Manipulator
System. NASA TM 86262, July 1984,
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EFFECT OF FAILED STRUT ON ALLOWABLE LOAD OF
FOUR LONGERON SPACE STATION KEEL BEAM DETERMINED

270° |:’Failed strut

pF ull truss

1.5

180°
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Keel Beam Allowable Load.

Figure V-A-1.
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V-B., Predictability

There are a number of areas of concern regarding structural predictability
associated with joints and some cf these concerrs are noted in the chart of
Table V-B-1. The first three items serve as discriminators between the three
truss configurations under review and are discussed subsequently., The last
three concerns are general technology needs, and as such are independent of the
structural configuration or deployment/erection scheme. ihe most significant
aspect of these last three concerns is model scaling. There is interest in
performing experimental dynamic studies on scale models of the space station
structure. However, there is a very limited database on joints and no data on
truss beams is currently available that is representative of the type of joint
dominated structures being considered. It is unclear if nonlinear load/
displacemant response and/or hysteresis measured in tests of joint models will
scale from the models to full size hardware. Some preliminary experimental
programs should be conducted on simple joint models to examine scaling effecis
before initiating a test program on scale models c¢f a truss beam.

No stiffness requirements for the space station keel beam have been
established, however, it is a generally accepted premise that both station
controllability and the operation of experiments will be enhanced by the use of
a very stiff keel truss beam. The stiffness of truss structures is controiled
to a large extent by the separation of the load carrying longeron members. The
effect of member separation, i.e, beam depth, on bending and torsional stiffness
is shown in the figure V-B-1, As indicated by the curves, significant increases
in both bending (EI) and torsional (GJ) stiffness can be obtained by modest
increases in beam depth, Tick marks are ncted on the abscissa for thz three
configurations under review. The tetrahedral truss with 10 ft members has the
lTowest stiffness because the member orientation gives the truss an effertive
depth of slight over 8 ft. A 15 ft truss has a potential stiffness that is
nearly three times that of the 9 ft single fold or 10 ft tetrahedral.

Some reduction in structural stiffness is l1ikely to be associated with the
Joints. Although this is not included in the curves depicting EI and GJ, it
could be a very significant factor (as much as 50%) depending on the number and
type of joints required by the truss. Also shown on figure V-B-1 are the results
contained in the space station reference document for the 9 ft single fold and
the 10 ft tetranedral. The band shown for these configurations include a joint
knockdown factor to 50 percent. It is clear from these results that it is desir-
able to begin space station planning with a configuration that offers the maximum
potential stiffness possible, especially since joints can have such a significant
knockdown., Also, berding and torsional stiffness obtained by increasing beam
depth adds very little in either cost or mass whereas stiffness increases
obtained by increasing the axial stiffness (AE) of the members are generally
expensive and add significantly to the mass. Therefore, a 15 ft truss beam is
a significant advantage.

The truss keel beam configuration currently being considered has a large
number of members. A finite element analysis of the configuration even with
one element per member can be large and if multielements per member are required
to include joint effects, the analytical model quickly becomes unwieidy and is
expensive tc run, especially for parametric studies. One method to account for
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joint offsets is to consider an effective axial strut stiffness (AE) using the
relationship shown in tigure V-B-2. As indicated the effective strut stiffness
is dependent on the relative lengths of the joint and members, as well as their
relative stiffnesses. Shown on the carpet plot of the figure are regions where
erectable and deployable truss beams are expected to lie, These regions are
based on some preliminary test data and an examination of a number of joint
concepts. The effective axial strut stiffness for deployabies are expected to
be lower than erectables for the following reasons:

1) Erectable trusses require two joints per member whereas most
deployable trusses require three joints per member. The
third joint is freguently required in the center of a longeron
to permit folding.

2) The load transfer path through erectable joints is generally
simple and involves direct shear as shown in a subsequent
figure. For some deployables such as the 9 ft reference
configuration, the load transfer path is complicated and
involves a complex combination of bending and shear.

3) The joint design of an erectable has a single requirement,

3 to transfer load in an efficient manner, whereas the design
5 of a deployable joint is generally a compromise as necessary
to meet the several requirements of deployment, load trans-
fer, packaging and automatic locking.

4) For erectables, one joint fits all including attachment of
peripheral equipment and experiment modules. The deploy-
ables being considered, however, require a number of joint
designs for both hinging and telescoping members and
several of the joints must latch automatically for the
beam to carry load. ‘

Due to the higher stiffness knockdown for deployables, the predicted [
structural response could be significantly in error which would complicate T
control system design and operation.

r‘ One potential problem associated with joint dominated structures is free
1 play in the joints. Some free play in deployable structures may be required

F . to permit smooth deployment using a low drive force deployer. The amount of

5 free play is also assuciated with machining accuracy requirements. 7o under-
: stand the effect of free play on keel beam deflection a simple analysis was

; conducted and the results are shown in figure V-B-3, The analysis is based
on the assumption of small deflection so that the resulting curvature is equal
to the second derivative of the deflection with respect to the length,

Although no criterion for keel distortion has been established it is
clear from figure V-B-3 that the 15 foot erectable beam which is deeper and
has fewer joints has significantly less distortion than either of the two
deployabie concepts. The 10 foot tetrahedral beam does not lie on either of
the curves shown because the orientation of the truss provides a geometric
amplification which significantly increases the distortion effect.
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The results of a preliminary study to reduce the free play in a deployable
joint is shown in figure V-B-4, Tests were conducted on two simple aluminum
cievis joints with hardened steel pivot pins. One joint was fabricated with a
5/16 in. diameter reamed hole that provided a slip (or sliding) fit with the
pivot pin. The joint response indicates some free play near zero load and
some nonlinear effects at loads to about 500 1bs which are attributed to pin
seating. At loads above about 500 1bs the load/displacement is linear.

The second joint with the same dimensions was drilled and reamed for a
press fit with a 3/8 in, dia. pivot pin. The 20 percent larger diameter pin has
twice the pin bending stiffness of the 5/16 in. dia. pin. The test results for
the joint with the press fit pin are bilinear and have a higher stiffness in both
tension and compression. Although the press fit pin gives significantly better
predictability the joint has greater resistance to deployment motion than the
joint with the siip fit pin. A combined analytical and experimental program
should be conducted to evaluate the significance of the various factors that
affect deployable joint stiffness. Because of the difference in compression
and tension load paths, however, it is unlikely that one will be able to
eliminate the bilinear behavior of an efficient deployable joint.

Results of similar tests conducted on the erectable joint discussed in
the reference document are shown ir figure V-B-5. The loading is for a
moderate level, however, the 1oad displacement results are iinear throughout
the test region. Special consideration was taken in the joint design to
ensure that the load transfer path was the same in both tension ana compres-
sion. No attempt was made to have a high axial stiffness {EA) through the
joint and the stiffness is well below what might be expected for the truss
keel beam.

A new quick-attach erectable joint concept has recently been developed at.
the Langley Research Center. A photograph of a development model is shown in
figure V-B-6. The concept is for a side entry joint that 1s loaded internally
during the joining process. Some attributes of this new joint are (1) the
components are simple, inexpensive to fabricate, and easy to inspect; (2) the
joint is easy to assemble and has positive latching that will not loosen due to
vibration or loading; and (3) it is capable of being fabricated for use with
structural members over a large range of sizes. The load transfer link in the
joint is a split ring with tapered internal sides. A matched taper is machined
on an end-bell of each tube. A collar attached to one member has an internal
taper to match an external taper machined on the perimeter of the split ring.
The collar is forced over the split ring thereby forcing the end-bells together
to internally load the joint.

Some preliminary test results conducted on this developmental model are
shown in the figure. The load/displacement results indicate a higher stiff-
ness in compression than in tension. The slope of the load/displacement line
changes at approximately 200 1bs tension which indicates that substantial
preload can pe generated using this joint concept.

This new joint has been incorporated into a multimember structural node
and a photograph is shown in figure V-B-7. The multimember aspert of the node
is the spherical center section. The sphere permits any member attached to
contact the node radially so that all force lines pass through the center of
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the joint, A1l joints used in the construction of the keel beam would be

spot faced, drilled and tapped at locations so that a member could be attached
at 450 to any other member., Special joints could be made to permit attachment
at other anygles witho't chanying the attachment method or character of the node.
Thus, the concept while beiny simple also has a high deyree of versatility.

The assessment of predictability is shown in Table v-B-2Z, Based on the
aspects of effective stiffness, joint complexity, and joint free play it is
clear that a 15 ft erectable will have a higher stiffness and gyreater predict-
ability than either of the reference deployables. While some of the disadvan-
tages of the deployables are resolvable to some degree, often the solution of
one problem raises another. For example, eliminating free play in a joint due
to & press-fit pin causes the joint to be more difficult to deploy and may

- cause binding.
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V-0, Stiftness Considerations

Three tinite erement models of Space Station reterence contfigurations
were developed to investigdate possible structures/control interdction and to
investigate the dynamic response of the station to variocus expected external
disturbances and dactive controtler momnents.,  The models (shown in figures
V-C-1 to V-C-3) were the 15 foot bay /5 KW reference cortiguration with 300
joints ana 879 dynamic deyrees of freedom, a 15 foot bay 30U KW yrowth version
with 704 joints and 2055 dynamic deyrees of freedom, and the 4 foot bay 75 KW
reference configuration with 514 joints and 154 dynamic degrees of freedom.
In these models the pressurized modules were modeled as beams with the equiva-
lent stiftness and lineal density of a 14.5 foot outer diameter aluminum cylinder
with a wall thickness of 0.115 inch., Nonstructural masses were added to repre-
sent the internal moduie equipment masses bringing the total mass of each
module to the mass yiven in the reference document, Discrete masses were
applied at each node of the model to represent the various nonstructural compo-
nents expected to be in place on the station such as control moment gyiros, power
management and distribution units, antennas, RCS thrusters, joint nodal clusters,
and distributed utility lines for heat, data and power transmission., The mass
characteristics of each model are given in Table V-C-1.

The truss members were represented by rod (axial stiffness) elements with
equivalent density and stiftness properties of a high modulus graphite epoxy
tube with a two inch diameter and a 0.06 inch wall thickness, The assumed
axial modulus of the rods was 40 x 10b psi reference V-C-1. AiIl joint nodes
were treated conservatively as pin-connected. The appendages, radiators and
solar arrays, and their support structure were modeled as beams as were the (MG
and RCS thruster supports aend module truss connections. No stiffness reductions
due to joint flexibility were included in the models.

Frequency Distributions.- At least the first one hundred natural vibration
modes and frequencies were calculated for each configuration, A plot of the
modal densities up to 0.8 Hz is yiven in figure V-C-4, Rigid body control
frequencies up to about 0,01 Hz were considered in the analysis. As shown on
figure V-C-4, this range is well below both the fundamental appendage frequency
and the fundamental structural frequency for all three configurations. The
thermal radiators exhibited the lowest freqguency responses for all models. The
radiator responses differed betiieen the 9 foot bay model and the 15 foot bay
models since the 9 foot bay model had a large radiator situated on the keel
near the habitation modules whereas all the radiators for the 15 foot models
were situated on the transverse booms outboard of the rotary joints. The lowest
structural mode of the 9 foot bay truss was keel torsion and was well below the
corresponding keel torsion mode of the 15 foot I0C model. The 15 foot bay
growth model had several transverse boom modes below the lowest structural mode
of the I0C 9 foot bay model.

Effect of Structural Stiffness on Transient Response Performanc. The
dynamic response of the three models when subjected to four Toading counditions
were investigated and some results of the analyses are presented in Table V-C-2.
The loading conditions were crew motion, orbit reboost, a i deyree attitude
control command and a shuttle failed dock (where the orbiter attempts a docking
maneuver but fails to complete the docking so that subsequent motion of the

station does not include the mass inertia of the orbiter). A description of
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the applied loads is given in the reference document. Three potential discri-

minators for truss stiffness are peak transient displacements, accelerations,

and stresses 1n the structure. Natural dampinyg of 1/2 percent was assumed.

Results at three locations on the station are presentecd; the nocal point at the

experiment module where there are constraints on allowable accelerations, the

tip of the outboard solar array where maximum displacements are expected and the

location of the CMGs. It should be emphasized that the truss joint effects

were not included and that truss stiffness reduction due to these joint effects

could have a sizable influence on the transient response. .

The first set of columns in the table shows that for virtually all
locations on the structure and all applied loadings considered, the peak deflec-
tions of the 9 foot station are greater than those of the 15 foot station.
However, this comparison is not subject to any displacement criteria since none
have been established as yet. Therefore, it is possible that even the larger
displacements of the 9 foot truss are acceptatle,

The secona set of columns in the table show compar isons between accelerations
for the two truss sizes. Two conclusions can be made from these resufts. First,
for all input loads considered, with the exception of the attitude control com-
mand, the peak transient acceleration at the experimental module violates the
10-5¢6 requirement which was initially established for the station as an environ-
mental criteria for micro-G experiments. Second, comparison of peak accelera-
tions at all locations inspected shows that no trend exists to aid in the
discrimination petween the two truss sizes on the basis of accelerations. This
was also illustrated in the reference document, and is due to the fact that
local accelerations are influenced by factors other than truss stiffress.

Finally, in consiaering transient stresses induced in the structure, tne
lower stiffness Y foot bay structural configuration in general had higher stresses.
An example of the increase in stress for the less stiff structure is indicated
in the table with a comparison of the peak bendinyg stress at tne base of an out-
board solar array astromast caused by a failed dock loading,

Effect of Rigid Bedy Attitude Control on Transient Response.- Two attitude
control systems were investigated for the 10C 9 foot and 15 foot models to
determine structures/control interaction. First, an attitude rate feedhack
system was used to drive the CMGs to maintain attitude during the Shuttle
failed-docking maneuver. Second, the orbit reboost maneuver discussed in the
reference document that uses continuous firing of the upper thrusters and
intermittent firing of the lower thrusters to maintain attitude was studied. .

Attitude Control Using Control Moment Gyros: No significant structures/
coentrols interactions were observed for either the 9 or 15 foot stations when
using the control moment gyro system. This is because the rigid bady control
frequency was low compared to the fundamental structural frequencies as shown
in figure V-C-4. Ffor example, consider the transient response results given in
Table V-C-2 for a shuttle failed-docking maneuver. The results shown are for
an uncontrolled case and give a peak attitude angle of almost 16 degrees,
Including rigid body attitude control with a closed loop frequency and a damping
ratio of 0,004 Hz and 28 percent respectively results in an applied peak control
torque of 650 ft-1b and a peak angle of 0,81 degrees. The transient response
results of Table V-C-2 were essentially unchanged when the attitude control
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system was used in conjunction with docking disturbance. This non-interaction
of structures and rigid body controls is also i1lustrated by the rigid body
command results shown in th2 table. Fror this case (frequency = 0.004 Hz, 70
percent damping) a peak tcrque of about 500 ft-1b yielded very small elastic
deflections as shown in the table. It should be noted that control of the
station after a fziled dock is an extreme maneuver which would lead to satura-

tion of the CMG controllers and require use of the RCS attitude control system
to desaturate the CMGs.

Reaction Control System: Reboost maneuvers resulted in some interaction
between the RCS thrusters and the structural modes and results are shown in
Table V-C-2. These results were taken from a 500 second reboost maneuver with

a deadband of 1 degree and hysteresis of 0.05 degrees. while peak displacements

were generally larger for the 9 foot model, no tendency for the dispiacements

to increase with time was observed for either station model. For example, the
peak displacements shown in the table occurred before about 220 seconds during

the 500 second reboost maneuver.

On-Orbit Operation of the MRMS.- Movement of the Mobile Remote Manipulator
System (MRMS), under Consideration as an onboard utility vehicle, was investigated
to determine its operational limitations if the maximum acceleration at the
attachment point of a laboratory module is not allowed to exceed 10-% G. The
station was treated as a rigid body and the acceleration of the MRMS across a

bay was assumed to be sinusoidal. Figure V-C-5 shows c(he time required for an
MRMS carrying a given payload to translate across one 15 foot bay such that the
reactive force causes a 1072 G maximum acceleration of the statien. Times range
from a minimum of slightly below 50 seconds (no payload transported) to a time

of almost 250 seconds (a payload of 50,000 1bs transported). The acceleration

at the laboratory module due to the reactive force caused by the MRMS transporting
a 30,000 1b payload was computed for the 15 foot bay finite element model using
rigid body and elastic modes. The applied reactive force was computed from the
rigid body study. The total acceleration response including the rigid body and
elastic accelerations for a one bay MRMS transfer is plotted in figure V-C-6.

The accelerations computed were very nearly equal to the rigid body accelerations
since the loading period was too long to excite any significant elastic response.

Modeling Accuracy.- The space station structures analyst should consider
modeliny the joint effects mentioned in Section V-B when preparing a finite
element model. Since no joint effects are included in the current space station
models discussed in this section, the models will appear stiffer than the actual
structure they represent, with the amount of error being a function of the number
of joints and magnitude of joint effects present in the particular truss.

In the current space station finite element models, no distinction can be
made between a deployable or erectable truss structure since no joint effects are
included. It is difficult to add realistic joint effects since they are strongly
influenced by local design considerations and final joint designs have not been
established. Any stiffness and dynamic response comparisons which are used to
discriminate between deployable and erectable trusses based on an analysis

which does not include joint effects is suspect.
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Because of the large number of joints in the space station truss structure,
't 1s not practical to increase the fidelity of the model at each Jjoint in tne
structure. It may be possible to obtain an acceptable representation of the
stiffness reduction by calculating a reduced linear strut stiffness based on
both the strut and joint effective axial stiffnesses. Whether ronlinear
behavior, which would include joint freeplay and hysteresis, must be included
in an analysis or whether a linear analysis with modified stiffness will give
acceptable results will aepend on the degree of the nonlinearity.

To nresent an illustration of the potential inaccurecies associated witn a
model that neglects joint effects, in particular joint treeplay, consider the
Space Station keel beam. Assume that the magnitude of freeplay in each joint
of the truss is .0005 in. In general, this keel beam can undergo no-load
deflections due to the accumulation of freeplay (as previously shown in figure
V-B-3). The keel truss deformations due to freeplay presented in this fiqure
are replotted in figure V-C-7 and compared with peak transient displacements
based on finite element models of the 9 foot and 15 foot Space Station which
do not include the joint freeplay. The transient displacements are due to
three anticipated load scenarios: crew moticn, a failed shuttle dock and orbit
rebocst, and, in all cases, displacements are less than the no-1oad displacements
that would be possible due to the assumed joint freeplay. It is thus possible
that the actual truss deformations will be dominated by joint freeplay, and the
accuracy of a linear analysis that neglects joint effects may be highly suspect
1f these effects are large.

Deployable vs. Erectable Trade Comparison.- No station operational criterion
has been identified which would not be met satisfactorily Dy the trusses con-
sidered in relation to stiffness. There is, however, a definite benefit to
: having the increased stiffness of the 15 fecot bay truss which can provide a
2 more stable platform. The 15 foot bay truss with its lesser number of joints
will also have less decrimental joint dominant effects. The Table V-(-3 evalua-
: tion reflects these considerations.

REFERENCES .

V-C-1 Mikulas, M. M., Jr.; Croomes, S. D.; et.al.: Space Station Truss
Structures and Construction Considerations., NASA TM-86338, July 1984,
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V-D. DEPLOYMENT ANAIYSIS OF A 9 FOOT DLPLOYABLE
SINGLE-FOLD TRUSS

The objective of this task 1S to provide quantitative information as an
aid in dssessing the risk involved in deployment of the components of the
reference 9 foot single fold deployable truss. It 1s assumed in this task
that such components would deploy in a controlied bay-by-bay fashion; that is,
séquentially. Further, for simplification, a planar deployment model is
assumed to be adequate for risk assessment,

Figure V-D-1 depicts the deployment of a single bay after several other
bays have been successfully deployed. The deployment of a bay is assumed to
be accomplished through the simultaneous unfolding of the Tongerons and tele-
scoping of the d*agonals, The longerons have hinge joints at theijr centers
which permits unfolding. The hinge is assumed to lock up once the unfolding
of the Tongeron sections is compiete. Lateral velocity of the hinge joint
provides the momentum necessar,” Yor locking, The diagonals are also assumed
to Tock up rigidly when fully extended,

Once the station is furty deployed and operational, ihe truss members
will carry tensile or cCchpressive loads with little or nc bending present
since all joints e assumed to be pinned. The only bending moments that can
arise would te due to local vibrations of the truss members, Thus, the bending
moments in the members is not - de -gn consideration for normal operation of
the station, Furthermore, durine depioyment the bending moments in the members
will be very small provided the bays deploy successfully. However, if for some
reason, a longeron hinge joint were to stick, bending moments in the members
would result, the magnitude of which wiil depend upon the extensional deployment
rate of the truss-beam component 2* the time the joint sticks,

To accomplish the unfolding of the bays, an applied control force is
necessary. This control force could come from a screw or other type of
mechanism. The control force, which varies during the deployment of a bay, is

extending truss-beam when a hinge joint sticks was carried out using the
LATDYN finite element code of reference V-D-1. This code allows for large
rigid body motions and large deformations, Large rigid body rotations of
the truss members occur during deployment., When a hinge joint sticks rigid
body rotations of the members are limited, but can stil} occur,

Bending moments will be largest when the mass being pushed by the
deployment mechanism is greatest, Thus, 18 deployed bays, representing the
reference configuration keel, are piaced ahead of the extending bay. They are
simulated in the mode] by a single beam whose stiffness is that of the deployed
truss-beam, In addition, a large mass representing a full fuel tank weighing
5000 pounds is placed at the tip of the 18 bay deployed portion of the truss-
beam,
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Initial conditions for the execution of the dynamic analysis are determinad
from figures V-D-2 and V-D-3, dand tempural variation of the controi torce 15
determined from figure V-D-4. In generating these fiyures, four different pro-

cedures for unfolding a single bay were considered, namely,
nearly uniform extensional rate
sinusoidal extensional rate
nearly uniform unfolding rate
Tinear unfolding rate

Both the initial conditions and control force influence the bending moments
induced when a hinge joint sticks. Thus, in order to choose cases for detailed
analytical investigation, consideration wes given to those extension profiles
and contrcl force profiles which appeared to produce worst case situations.
Using figures V-D-2 through V-D-4, three worst cases were chosen. The first
case »as that which leads to the maximum initial extensional rate. This occurs
under the assumed sinusoid extension rate if a joint sticks when the hay is
about 50 percent extended. The second case and third cases were chosen to
maximize the control force. These also occur under an assumed sinusoid excen-
sion rate if a hinge joint sticks when the bay is either about 10 percent or
90 percent extended.

The resulting peak dynamic bending moments, which occur at the stuck hinge
joint, are shown in figure V-D-5 over a range of average extensional rates.
The bending strength of the truss members is not precisely known at this time,
but it is safe to assume that it is greater than 2000 foot pounds. Nominal
extensional rates are considered to be below 1 bay per minute. Thus, figure 5
indicates that at such slow deployment rates, member failure will not occur if
a hinge joint sticks. The results also indicate that this deployment rate is
very conservative and higher rates may be considered.

REFERENCE

Housner, J. M.: Convected Transient Analysis for Large Space Structures
Maneuver and Deployment. 25th Structures, Structural Dynamics nd
Materials Conference, AIAA Paper No. 84-1023CP, May 1984,
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V-E. RIGID-BODY CONTROL AND THERMAL ANALYSIS

Rigid Body Controllability Analysis.- A rigid-body controllability analysis
was performed in order to determine to what extent tne overall momentum storage
system requirements would be affected due to the two structural concepts. The
Rigid-Body Control Dynamics (RCD) module of the Interactive Uesiyn and Evalua-
tion of Advanced Spacec-aft program (IOEAS) (ref. Vv-E-1) was used to calculate
the on-orbit environmental forces, maneuver forces, and corresponding torques
on the structure at specified orbital altitudes, orientations and mission dura-
tions. It then determines the momentum storage and desaturation requirements,
control system sizing, and propeliart required for stationkeeping, attitude
controi, and other maneuvers. The principal features of RCD are shown in figure
V-E-1. The total torque and force time histories are analyzed to determine
cyclic and secular momentum buildup for momentum exchange system sizing and
desaturation requirements. Momentum desaturation requirements are met using
reaction control system (RCS) thrusters. The RCS requirements are also deter-
mined for stationkeeping.

The mass | -operties summary, environmental force and torque summary,
propellant requirements and momentum storage requirements for the deployable
and erectable concepts are shown in Table 1. The RCD analysis was performed
for three operational altitudes; 220NM, 250NM, and, 27CNM. The overall mass
properties for each of the IOC concepts are similar to the R :ference
configuration. The maximum aerodynamic forces are experienced when the solar
arrays are perpendicular to the direction of flight. The corresponding torques
are then experienced about the axis perpendicular to the orbital plane. By
integrating tre torques around a complete orbit, both cyclic and secular L
momentum vectors are determined. The cyclic momentum vector is used to deter-
mine the numper of equivalent Skylab CMG's necessary to absorb the momentum.
The worst case conditions occurred at the 220NM altitude, where the number of
CMG's required for mementum storage is at its highest. The number of CMG's
required at this altitude is 6 for both the 15 foot and 9 foot concepts.

The amount of propellant required for stationkeeping for both concepts are
within one percent of each other. The propellant requirement for the CMG
desaturation shows that approximately 5 percent more propeilant is required .
for desaturation of the CMG's on the 9 foot depluyable concept than for the 15
foot erectable concept at 220NM altitude. This percentage reflects in an
additional 400 pounds of fuel to be carried along for each 90-day resupply
interval.

Thermal Analysis.- Thermal enalysis of both concepts was performed in

order to identify any deficiencies in overall integrity of the support structure.

This was achieved through the use of the ‘hermal Analysis (TA) module in IDEAS.

TA calculates the transient temperature response for each struciural member at

a given position in the spacecraft's orbit., Heat sources are solar radiation,

: Eartn albedo, and Earth thermal radiation. The balance between absorption of

' energy of the elements and the emmittance of energy from the elements out into
deep space is used to determine the transient thermal response. Earth shacowing
is included. Three major assumptions are made in this type of analysis. First,
each element is conside.ed to be an isothermal element. Secondly, the radiation
exchanges between structural members are neglected due to small radiation view

rd
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factors. Finally, structural member-to-member shadowing is neglected. Input
into this module consists of the model geometry, each material's thermal
Characteristics and the position in orbit where the analysis begins and ends.

Output yields elemental tempratures and heating rate time histories.

Since each support structure consists of repetitive vtructural eiements,
a 15 foot and a 9 foot structural cube was created tc simplify the analysis.
Members in the cube are shown in figure V-E-2. The cubes were detined to have
thermal properties of graphite/epoxy. The cubes were placed in a 270NM orbit
and the analysis was then performed at 16 points throughout the orbit. Also,
the thermal-induced stresses and loads were computed. The thermal stresseas
are less than 0.1 psi and are, therefore, negligible,

REFERENCES

V-E-1. Ferebee, Melvin J., Jr.: [IDEAS, Multidisciplinary Computer-Aided
Conceptual Design System for Spacecraft. Presented at NASA Langley
Research Center Symposium on Recent Experiences in Multidisciplinary
Analysis and Optimization. April 24-26, 1984.
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TABLE V-E-1. SUMMARY QF MASS PRCPERTIES AKD RIGID-
BODY CONTROL REQUIREMENTS

Hydrazine Systea :[sp = 220 sec
braphita Epoxy material

UNITS
WNEIGHT £G
INERTIAS
X 10886 5L6-FT2
vy 10886 SLG-FT2
1 10834 SLE-FT2
Iy 10834 SLE-FT2
X1 13884 SLG-FT2
Il 10886 SLG-FT2
HAXINUR TORQUE VECTOR X
270 NMI FT-LB 0.00
230 NMl FT-LB 0.00
220 NI FT-LB 0.00
MAXINUN MOMENTUR VECTOR
<70 NMI H
CriLic FT-LB-SEC 7. 14
SECULAR FT-LB-SEC N
(NG REQUIREMENT @ 2300FT-LB-SEC
230 NAI X
cvcLIc FT-LB-SEC 180,10
SECULAR FT-1B-GEC 1.01
(MG REQUIRTNENT @ 2300FT-LB-SEC
220 NN} !
cycLic 175.91
SECULAR FT-L8-SEC 104.79

CHB REQUIREMENT

C.P./C.8. OFFSET
C.B. LOCATION

AREA PROJECTION
PRCPELLANT
REQUIREMENTS
ORBIT KEEP
270 Nl
230 NRE
220 MAI
(MG DESAT,
276 Wl
230 NI
220 N1

@ 2300FT-{B-SEC

Fi. 0.00
F1. 1.38

§0. FT.  23703.39

LB
L8
Lb

L
L8
L8

15 ft,

232748

82,73
74,54
12,5
.00
0.76
0,03

4.9
36,20
13.40

\
4204.28
0.00
2.00
y
6290. 51
0.00
3.00
Y
13138.71
0.00
6.00

0.03

-0.03

Wi.g

“®y
01t
1497

2807

6312
6633
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l

0.01
0.0t
0.02

l
122,03
19.08
l
287,84
.29
l

293,42
43,08

-144.30

175.13

470,89

0.00
0.00
0.00

0.00

0.03

25789.70

273304

72.60
£9.83
5.54
0.00
0,32
0.00
Y
25.35
37.10
76,40

y
§15.77
0.00
2.00
Y
6608.67
0.00
3.00
Y
13908. 62
.00
6.00

0.00

0.00

304.49

4548
7069
14914

2948
6842
7023

-1n.n

183,83

£88.43
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CONCLUDING REMARKS

The present paper presents results of a trade study which was conducted to
compare four different trusses for constructing the reference gravity-gradient
Space Station. A set of discriminators was established and each of the four
trusses were rated for each discriminator on an adjective basis. A summary of
the evaluation is presented in Table C-1. In the summary the disadvantages
for each truss concept are highlighted by cross-hatching. The horizentally
cross-hatched disadvantages are characteristics which are potentially resolvable
by engineering and development. The diagonally cross-hatched disadvantages are
characteristics which are inherent to the truss concept and cannot be signifi-
cantly improved by further engineering and development. At the beginning of
this study, considerable effort was expended on truss criteria such as stiffness
and response predictability. Although the deeper trusses have an advantage in
this area, no station operational criterion has been found which could not be
met satisfactorily by all the trusses considered. Because of the desirability
to grow the space station in an evolutionary fashion as needs arise, growth
potential was deemed to be the primary truss discriminator. A summary of the
major conclusions are as follows:

0 9 foot single fold deployable truss provides:
- Power cable and small utility lire preintegration
- Rotary joint preintegration

0 15 foot orthogonal truss provides:

Excellent growth potential and payload accommodations

Minimum interference from payloads with station operations

High stiffness and low cost

Compact packaging
0 Tetrahedral truss provides:
- Large number of nodes for payload attachment
- Compact packaging
0 EVA hours nct prohibitively different between concepts:
- 9 foot deployable: 94 hours
- 15 foot erectable: 111 hours
0 Erectable, PACTRUSS, and Tetrahedral construction approach with

modular subsystem integration simplifies launch package integration
and minimizes work package interfacing. -

141

L e e

e
A



R St

LA

0 Number of EVAs per flignt too high for all construction scenarios.

In the final analysis, it appears that selection of a truss construction
approach for the Space Station becomes a decision between advantages in tne
initial construction process or operational advantages after the Station is
constructed. The 9 foot single fold deployable was found to have some acvantage
in reduced EVA hours for construction, hcowever, the higher cost of the deploy-
able structure and its deployer more than offset the savings in cost due to the
reduced EVA hours. For this reason, strong consideration should be given to the
15 foot truss because of its potential advantages for growth and payload accom-
modation. Further studies are required to discriminate between the erectable
and double fold deployable approach for achieving a 15 foot truss Space Station
truss.

For all four construction scenarios, the number of EVAs per Shuttle
flight has been estimated as being unsatisfactory. To date, most of the effort
on Space Station construction has been spent on estimating EVA construction
times for a simplified set of procedures that were developed for the reference
station, Very little effort has been expended on developing advanced construc-
tion techniques with a goal of minimizing EVA hours. The relatively straight
forward development of technigues such as folded or spooled utility lines, anc
plug-in subsystem modules, along with optimized construction scenarios should
significantly reduce the EVA operations, For a spacecraft with a Jong antici-
pated 1ife such as the Space Station, all utility lines and subsysiems will have
to be designed to be maintained or replaced en orbit. This requirement drives
the development of simple field joints for the utility lines and quick-attachment
"plug-in" modules for the subsystems, What remains is to develop a revised
Space Station construction scenario with the goal of reducing EVA operations
and evening out the number of EVAs per flight.

A potential alternate Space Station construction scenario is shown in
stages in Sketch B. The first phase of this construction approach would be
associated with building the truss support structure and attaching a temporary
minimal power system, a control system, and a communications system as required
to achieve an operational spacecraft. The MRMS would be needed on the first
flight .o assist in the Station build-up. Additional structure, the power
modules, primary utility lines, and other subsystems could be added on the
second flight (third, if needed). The pressurized modules and remaining sub-
systems would be installed on subsequent flights in a manner designed to even
out the number of EVAs per flight.

Potential advantages that could result from such an approach would be:
(1) minimum work package interfacing, (2) simplified launch package integration,
(3) minimized impact of downstream subsystem changes, and (4) evening out of
the number of EVAs per flight. These four items could also result in a highly
reduced SE&I process. A summary of this scenario is presented in Table C-2.
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ALTERNATE SPACE STATION BUILD-UP SCENARIO

REMAINING FLIGHTS

SECOND FLIGHT(S)

FIRST FLIGHT(S)

&

'“41

o

-

Ty

VAR ra d

R W .

Power Module Being
Attached by MRMS

- Schematic showing potential alternate station build-up scenario.

Sketch B.




APPENDIX A

PACTRUSS

A new truss concept, the demonstration model of which is called a PACTRUSS
nas recently been developed at Langley Research Center. The concept is a four
longeron box truss that has simple single axis pivot hinyges and double-tolds tor
efficient packaging. A photograph of the three bay demonstration model is shown
in figure A-1. This box truss configuration has surface diagonals that alternate
direction from bay to bay and section diagonals that also alternate direction
from bay to bay. Thus, there are only two node types in the truss, nine member
nodes designated as node A and four member nodes designated as node B. The
longerons, diagonals and horizontal batten members are ccnnected to the two
nodes with pin clevis joints. The vertical batten members are rigidly attached
to the two nodes, one node type on each end of the batten. The diagonals have
a midlength hinge with a near center latch that permits them to be folded for
stowage in the packaged configuration. There are no midiength hinges required
in the longerons for folding and packaging.

A photograph of the model that illustrates the folding/deployment operation
is shown in figure A-2 and several photographs showing the sequence from fully
packaged to fully deployed are shown in figure A-3, As indicated in figure A-2,
the deployment cccurs in a synchronous manner and thus the beam deploys simul-
taneously in both lenygth and width. The synchronization comes from the fact that
the sides of the cube shear and since there are only single degree of freedom
Joints all faces must shear simultaneously. Note in the sketch of figure A-2 that
the projection of the top nodes, battens and longerons into a plane above the beam
always form a rectangle with sides of increasing length as the beam deploys. The
synchronization is inherent in the configuration and no special devices or added
linkage mechanism is required. DOuring deployment the diagonal members unfold
about the midlength hinge to their fully extended straight position and the
midlength hinge locks via a near-center 'atch thus securing the beam in the
fully deployed position. The folding technique just described and incorporated
in the demonstration model is applicable to flat planar trusses with bays added
both longitudinally and laterally. The additional lateral bays across the width
feld in the same manner as described for the beam. Thus structures of large
expanse can be double-folded into a compact package and synchronously deployed.

The demonstration model shown in figures (A-1 through A-3) was designed
for maximum packaging efficiency. A planar truss of this configuration would
retract to a compact packaye apprcximately two bays long with a thickness of 4
member diameters/bay plus one member for the end bay (all members in this model
are the same diameter). The width of the beam package is 2 1/2 member diameters/
bay plus one diameter for the end bay. A preliminary examination of the packaged
configuration for the space station keel beam has been conducted based on the
packaginy concept noted for the demonstration model. The keel beam truss is
shown in fiqure A-4, The truss is a nominal 15 foot cube and is ascumed to have
all 2 inch diameter members. The packaged configuration for the¢ keel beam truss
is shown in figure A-5 in relation to the diameter of the Shutt. - cargo bay.
The packaged configuration easily fits within approximately one-iourth the volume
of the cargo bay. It should be noted that for this packayged configuration
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(figure A-5) the beam was assumed to hdve a packaye thickness of five members

per bay instead of the more compact four members per bay to give extra room in
the packaye Lo preintegrate utility lines. The structure is esti;mated to require
about 13,000 feet of tubing. The structural mass is about 14,000 pounds based

an e 0,148 dnch thick graphite/cpoxy tube and an allowance of 50 percent of Lie

tube mass for the hinge joints.
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APPENDIX B
This appendix descrites the procedures and times reguired to construct I0C
space ctation for hoth tne erectahle and the deployahlie trucs structures, Tt
contains the following:

I. Summary nf EVA Hours
1. Assembly Tasks Evaluation

II1. Assumptions
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[. SUMMARY OF EVA HOURS

FLIGHT ERECTABLE (HR:MIN) DEPLOYABLE (HR:MIN;
[ 28:08 14:04
11 36:28 38:05
11! 3:31 227
Iv 19:50 19:48
Vv 17:05 14:26
VI 3:06 3:07
VII 3:12 3:08
TOTAL 111:20 96:13
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A ain T

[T. ASSEMBLY TASKS EVALUATION

ERECTABLE 15" TRUSS STRUCTURE

FLIGHT 1

COMPONENTS

GN&C (Guidance, Navigation, and Control) Struts and Nodes
2 a-joints (Rotary Joints) 12 Radiator Panels and Related
4 g-joints anc  lar Arrays Mounting Equipment
2 RFC/PWR {Power Conditioning Units) 2 MBSU (Main Bus Switching Unit)
5 Anterna 2 PMC (Power Management
5 Communication (Comm.) Units Controllers)
MRMS (Mobile Remote Manipulating System) 1 UPL (Utility Power Conditioner)
Docking Ring Power Cable Lines
TASK TIME (HR:MIN) |*FEASIBILITY | ASSUMPTIONS
N RATING
1) Unstow framework/strut-node 0:12 1 E3

Package I with RMS (Remote
Manipulator System)

2} Build frame with MFR (Manipu- 0:45 2 Edb
lator Foot Restraint)
(15 struts)

3) Unstow strut-node package I 0:12 1
with RMS

4) Build center bay with GN&C 3:25 4
a) Position GN&C {0.05) Fl
b) Assemble bay with GN&C (3:20) Edb,c

(90 struts)

5) Install MRMS 2:14 4 E8
a) Unfold (0:11)
b) Position (0:13)
c) Install on center bay (0:20)
d) Install RMS on MRMS (1:00)
e) “heckout MRMS (0:30)

6) Load MRMS - 9 packages 1:44 1
(solar arrays, RFC/PWR,
struts & nodes, MBSU, PMC,
UPC, cable)

* See Appendix C
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7)

8)

10)

Gy EREERTE RV TUE T

11)

12)

13)

14)

15)
16)

17)

TASK

Builld port bay 1 (13 struts)

Assemble port a-joint

a) Position a-joint

b) Build inboard transition
truss (12 struts)

Build outboard transition
truss (25 struts)

c)

Assemble port RFC/PWR
converter bay

a) Position RFC/PWR unit

b) Assemile bay (45 struts)

Build port bay 5 (13 struts)

Install port solar arrays

a) Position solar array I

b) Install (14 strucs)

c) Repeat a) + b) for soler
array 11

Install power/utility cable
and MBSU/PMC/UPCs back to
cargo bay
a) Move 5 bays
b) Install cabie
c) Install units (1 MBSU,

1 PMC, 1 UPC)

Loa* MRMS - 2 packages
(solar arrays, RFC/PWR)

Repeat steps #7-12 (less 1
UPC) for starboard side

Deploy solar ararys

Unload MRMS - 2 packages
(cable) Load MRMS - 4
packages (radiators, antenna,
communication boxes)

Install port radiators

a) Move to position (3 bays)

b) Crew in MFR to maneuver
radiators

c) Install 6 radiator panels

i

I! TIME (HR:MIN)

0:13
0:47

110)
0:12)

:09)
(0:09)
:45)

0:23

3:44:00

1:00

1:10

2:13
(0:05)
(0:08)

(2:00)
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4
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2/4
E6
(2) E5
(4) E7
H E8
1
4 E8

R T




L]

TASK TIME (HR:MIN) FEASTBILITY ASSUMPTIONS

18) Move to starbuard radiator 2:00 1

position, installiing antenna

a) Move 6 bays (0:10)

b) Install 5 antenna 40:50) E10

c) Install 5 comm. boxes (0:50)

d) 10 Connectiocrs {0:10)
19) Install starboard radiators 2:13

a) Same as 17 b, c. {2:08)

b) Move to cargo bay (3 bays) (0:05)
20) Build docking bay 0:31 2

a) Unload docking ring (0:10)

b) Erect docking bay {21 (0:21)

struts and 1 ring)

21) Unload MRMS - 6 packages 1:12

(strut and nodes, antennas,

comm. units, radiators)
22) Detach rramework 1:20 2 E10

a) Detach nodes (4) (0:20)

b) Back shuttle away (0:15)

c) Disassemble frame (0:45)

TOTAL EVA TIME 28:08
DOES NOT INCLUDE:
1) System checkouts Y
2) MFR installation and removal 1
3) EVA overhead
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FLIGHT 11

COMPONENTS

48 Radiator Panels & Related
Mounting Equipment

2 Radiator Booms

Struts and Nodes

Power Cable Lines

Ammonia Lines

Fuel

Lines

4 RCS Thrusters (Reaction Control System)

6 Fuel Tanks
8 Antenna

8 Communication Units

Docking Ring
20 UPC
6 MBSU

MRMS Recharger Unit

T Y

TASK TIME (HR:MIN) FEASIBILITY | ASSUMPTIONS
1) Checkout MRMS 0:30 1 £E8
2) Load MRMS - 4 packages(struts 0:46 1
and nodes, fuel tanks)
3) Build lower keel and install 3:11
fuel tanks
a) Build 12 bays (156 (2:36) 2
struts)
b) Position fuel tanks I (0:05.5) 1
c) Build fuel tank support (0:12) 4 Ell
(8 struts, 4 connections)
d) Repeat b and ¢ for fuel
tank II (0:17.5)
4) Return to cargo bay (12 bays) 0:20
5) Load MRMS - 12 packages 2:19 1
(power cable, ammonia lines,
Tower RCS thrusters, docking
ring, antennas, comm. units,
fuel lines, UPCs, MBSU)
6) Move back to fuel bay (12 0:20
bays)
7} Build lower keel extensions 8:00.5
a) Build 2 adjoining bays 2
(move 1.5 bays and use (0:28.5)
13 struts per bay)
b) Build 3 bays (39 struts) (0:39) 2
¢) Build port extension (6 (1:26) 2
bays - 78 struts) and
docking ring (8 struts)
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9)

10)

11)

12)

13)

14)

f) Move 2 bays

bays)

bay.

UPC, MBSU)

(13 bays)

TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
d) Install port RCS thrusters (0:14.5) 4 F12
(4 struts)
e) Lay fuel, ammonia and (1:29.5) 4 E5
power cable lines to fuel
tanks (8 bays)
(0:04°
g) Build starboard extension £1:33) 2
(move 1 bay, build 7 bays
- 91 struts)
h) Install starboard RCS (0:14.5) 4
(4 struts)
i} Lay fuel, ammonia and (1:29.5) 4
power cable lines to fuel
tanks (8 bays)
j) Move to cargo bay (13 (0:22)
Lay fuel lines (6 bays), 1:30 4
ammonia lines (11 bays),
power cable (11 bays) on
way to cargo bay
Install 8 antenna and 3 comm. 2:56 4
units on way back to cargo
Install 12 UPC and 5 MBSU 4:15 4
on way back to carge bay
Unload MRMS - 9 packages 1:44 1
(power cable, ammonia lines,
antennas, comm, units, fuel
1ines, UPC, MBSU)
Load MRMS - 9 packages (MRMS 1:41 1
recharger, RCS thrusters,
radiators, radiator booms,
radiator mounting equipment,
Move to radiator location 0:22
Install radiators 3:35 E8
a) Install and deploy star- (0:30) 3
board booms and heat
exchangers
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TASK

TIME (HR:MIN)

FEASTBILITY

i

ASSUMPTIUNS

DOES NOT INCLUDE:

1) System checkouts
2) EVA overhead

3) Installation of remaining 42 radiator panels

160

b) Install starboard (1:02) 4
radiators (3 panels)
c) Move to port position (0:04)
(2 bays)
d) Repea: a) and b) (1:32)
e) Stow 42 radiators along (0 27) 4 E13
port keel extension
15) Install MRMS recharger 0:15 4 E8
16) Move to upper RCS thruster 0:12
(7 bays)
17) Install RCS thrusters (8 0:29 4
struts)
18) Return to cargo bay 2:27
a) Move 7 bays (0:12)
b) Install 8 UPCs (2:00) 4
¢) Install 1 MBSU (0:15) 4
19) Unioad MRMS - 5 packages 0:59
(radiator, UPC, struts and
nodes)
20) Return MRMS to recharger 0:36
a) Move MRMS 14 bays (0:24)
b) PTuy MRMS in (0:08) 3 E8
c) Crew translates back 14 (0:07) 1 El4
bays
TOTAL EVA TIME 36:28
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FLIGHT 11

COMPONENTS

Habitat Module #1

Airlock #1
Airlock #?2

Module Mounting Structure

TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
1) Retrieve MRMS (:24.5
a) Crew translates 5 bays (0:02.5) 1
b) Activicte MRMS 10:15) 1
c) Move MRMS to cargo bay (0:07)
(4 bays)
2) Install module mounting 0:40 2 E8
structure
3) Install Habitat #l 0:30 4 £8
4) Connect Utilities 0:50 3 £8
5) Ammonia pump hookup 0:12 3 E15
6) Install airiock I 0:20 4 £8
7) Install airlock Il 0:20 4
8) MRMS to recharger panel 0:14.5
a) Move MRMS 4 bays (0:07)
b) Plug into recharger (0:05) 3
c) Crew translates back to (0:02.5)
cargo bay (4 bays)
TOTAL EVA TIME 3:31
DOES NOT INCLUDE:
1) System checkouts
2) EVA overhead time
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FLIGHT TV
CUMPONENTS
Habitat Module #?2 Il Communicatior Units
Module Mounting Structure Ammonia Lines
Struts and Nodes Power Cable Lines
9 Antennas 9 UPC -
! 2 TDRS (Antenna) I MBSU
TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
1) MRMS activation 0:24.50
a) Crew translates to MRMS
(4 bays) (0:02.5) ]
b) Activate MRMS (0:15) 1
c) Move MRMS to shuttle (0:07)
(4 bays)
2) Install mounting structure 0:50 2
3) Install Habitat #2 1:15 4
4) Connect side panel utilities 0:25 3
é ®) Remove airlock II from 0:20 4
§ Habitat [ and berth to
2 Habitat I1I
’ 6) Load MRMS - 12 packages 2:20 1
(struts and nodes, antennas,
, comm. boxes, TDRS, ammonia
| lines, power cable, UPC, .
’ MBSU) )
7) Install upper keel and cross 3:10 2
boom
a) Move MRMS 18 bays (0:30)
b) Install upper keel to (2:10)
port (10 bays-130 struts)
{ C) Move MRMS 2 bays star (0:08)
5 board
| d) Build 2 bays (26 struts) (0:26)
s 8) Install upper boom utilities 4:57

a) Move MRMS & bays (0:09)




e
TASK TIME (HR:MIN) FEASIBILITY ASSUMPT IUNS
e e e e — - [N U S, U N SN R .l._.._._._____._ PR,
bi Install: nower cahle lines (0:38) 4
ammonia lines
¢) Install 2 TDRS antenna (0:52) 3 E16
(8 struts, 2 antennas,
2 comm, units)
d) Install 9 antennas and 9 (3:18) 4
comm. units
9) Install upper keel utilities 3:39
. a) Move 10 bays (0:17)
b) Install power cable lines (0:52) 4
and ammoni& lines
c) Instail 9 UPCs and 1 MBSU (2:30) 4
10) Return to cargo hay (18 bays) 0:30
11) Unload MRMS - 9 packages 1:45% 1
(struts and rodes, antennas,
comm. units, ammonia lines,
power cable, UPC)
12) Return to charger 0:14.5
a) “ove MRMS & bays (0:07)
b) Plug-in MRMS (0:05) 3
¢) Crew translates 4 bays (0:2.9)
TOTAL EVA TIMEt 19:50

DOES NOT INCLUDE:

1) Systems checkout
2) EVA overhead time
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FLIGHT W

COMPONENT S

Logistic Module and 3 Fuel Tanks Fower Caple [ine,
45 -goints and Solar Arruy. 2 RFC/PWR
12 Radiator Panels aid Relateq

Radiator Mounting Equipment

‘ | | |
| | | ! i
TASK | TIME (HR:MIN) | FEASIBILITY ! ASSUMPT [UNS
I
l_____-__-m,__-________“___"___-___,_________~___W_T_*_".___.__.}_“m-n_____wﬁ-w
1) MRMS activation 0:24.5 | 1 ; ! *
| |
| 2) Install Loyistics module 1:09 f il { i
t i ‘
| |
3) Return to caryo bay {3 bays) 0:05 |
|
4} Load MRMS - 10 packages 1:56 | ]
(sular arrays, radiators,
radiator mounting equipment, |
y ! i quip v |
struts and nodes, RFC/PWK, i
power cable) j
! I
; 5) Move 22 bays to port out- 0:37
! board array with MRMS '
| 6) Builc 2 bays (26 struts) 0:26 | 2
_ ! '
é . A !
f 7) Build bay with RFC/PWR U:be i )
| module (52 struts)
|
| 8) Build 1 bay (13 struts) 0:13 v
4
9) Install solar arrays (14 0:42 4
struts)
10) Build outer bay (13 struts) 0:13
11) Move to starboard outhoar. 2:43
arra,
a) Move 4 bays (0:07)
b) Install power cable lines (0:04) 2
c) Install radiators (6 (2:13) 4
panels)
d) Move 11 bays (0:19)
12) Reneat steps 6-11c 4:50
\
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|
I
|
|

TASK

‘13) Deploy sclar arrays (4)

|14} Return MRMS to cargo bay
(23 hays)

15) Unload MRMS - 6 packayes
(scruts and nodes, power
cable, radiators)

16) Returin M2MS to charger

TOTAL EVA TIME

DOES NOT INCLUDE:

) System checkouts

1
) EVA overhead fime

a

e —————— 4

TIME (HR:MIN)

1:060

0:39

FEASIBILITY

1

o

ASSUMPTIONS

-
fo)}
w




FLIGHT VI

COMPONENTS

Lab Module #2
Module Mouncing Structure

TASK TIME (HR:MIN) FEASIBILITY | ASSUMPTIONS
1) Activate MRMS 0:24.,5 1
2) Install mounting structure 0:50 2
3) Install lab module #2 1:15 4
4) Connect utilities 0:25 3
5) Return MRMS to charger 0:11.5
a) Move 2 bays (0:04)
b) Piug in MRMS (0:05) 3
c) Crew translate tn shuttle (0:2.5) 1
TOTAL EVA TIME 3:06
OOES NOT INCL!!DE:
1) System checkouts
3 2) EVA overhead time
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FLIGHT V11

(O ONFNTS

! Lab Module #1
4 Module Mounting Structure

DOES NOT INCLUDE:

1) System checkouts
2) EVA overhead time

167

TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS

1) Activate MRMS 0:24.5 1

2) Install mounting structure 0:50 2

3) Install lab module #1 1:20 4

4) Connect utilities 0:25 3
5) Return to recharger 0:12.5
a) Move MRMS 3 bays (0:05)

b) Plug in MRMS (0:05) 3

c) Crew translate to shuttie (0:02.5) 1
TOTAL EVA TIME 3:12

e
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DEPLOYABLE ¢' TRUSS STRUCTURE

A

T

FLIGHT I
PRE—INTEGRATED"COMPONENTS ON-ORBIT INTEGRATED COMPONENTS
GN&C 5 Antennas 1 ueC
2a-joints 5 Communication Units
4 8-joints & Solar Arrays MRMS
2 RFC/PWR Docking Ring
Power Cable Lines 12 Radiator Panels
Deployable Structure 2 MBSU
Radiator Mounting Equipment 2 PMC
TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
1) Instali radiators 4:13 4 D1
a) Crew ingress MFR and {0:08)
maneuver to position
b) Install 6 radiators (1) (2:00)
c) Move to radiator II (0:05)
d) Repeat b) (2:00)
2) Rotate 38' deployable struc- 0:11 1 D2
ture package to position
3) Deploy solar array boxes (4) 0:05 1 D1
4) Deploy rail extensions (2 0:05 1 D1
per end)
5) Deploy transverse boom (14 1:22 4 D1,3
bays)
a) Crew check for correct (0:10)
deployment
b} Deploy boom (1:12)
6) Install MRMS 2:03 4 D1
a) Position MRMS (0:13)
b) Install MRMS on structure (0:20)
c) Install RMS on MRMS (1:00)
d) Checkout MRMS (0:20)
7) Deploy solar arrays (4) 1:00 1 D1
8) Erect one docking bay {13 0:19 2 D4
struts, 4 connections)
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TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
9) Load MRMS - 5 packages {1:57 1 0o
(antennas, comm. units,
MBSU, PMC, UPC)
10) Install antennas 1:50 4 D6
a) 5 antennas (0:50)
b) 5 comm. units {0:50)
¢) 10 connections (0:10)
11) Install 1:15 4 D7
2 MBSU, 2 PMC, UPC
12) Move MRMS 20 bays during 0:20 08
installation
13) Unload MRMS - 2 packages 0:24 i
(antenna, comm, units)
TOTAL EVA TIME 14:04

DOES NOT INCLUDE:

1)
2)
3)
4)

System checkouts

MFR installation/removal
EVA overhead time
Detach from cargo bay
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FLIGHT 11

DRDELINTECDATED COMBONUNT
N e FO R I S L I R A IV R I ]

.

Deployable Structure

Power Cable Lines

6 Fuel Tanks

Docking Ring

Radiator Booms & Related
Mounting Equipment

ALY N AR T el
Vismunbid i

TN T L e S e e s
CLUMRATLY GUMIFUNEINT D

4 RCS Thrusters
Ammonia lLines

Fuel Lines

£ Antennas

8 Comm. Units

48 Radiator Panels

truts & Nodes

20 UPC

b MBSU

MRMS Recharger
Unit

TASK TIME (HR:™MIN) FEASTIBILITY ASSUMPTIONS
|
1) Checkout MRMS 0:30 i D1
2) Install lower keel structure 2:46 4 D1,3
a) Unstow & position keel (0:27)
b) Attach keel to transition (0:20)
boom
c) Connect utilities (0:02)
d) Deploy rail extension (0:15)
e) Deploy lower keel (20 (1:42)
bays)
3) Deploy radiator booms 0:10 3 D1
a) Deploy booms (0:05)
b) Deploy radiator heat (0:05)
exchangers
4) Load MRMS - 3 packages 0:36 1
(struts & nodes, radiators)
5) Move MRMS to radiatcr booms 0:20
(20 bays)
6) Erect 4 bays (32 struts) 0:52 2
7) Install radiators 2:38 4 D1
a) Move to port side (2 (0:05)
bays) and position
crewman
b) Install 3 radiator panels (1:00)
c) Move MRMS starboard (4 (0:08)
bays)
d) Position crewman (0:02)
e) Repeat b (1:00
f) Stow radiator packaye (42 (0:27) DY
panels)
170




TASK ‘ TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
8) MRMS to cargo bay (23 bays) 0:23
9) Load - 1 package (keel 0:11
extensions)
10) Move to end of lower keel 0:23
(23 bays)
11) Deploy keel extensions 1:34 4
a) Position port keel (0:12)
extension
b) Install keel extension (0:20)
c) Deploy keel extension (1:02)
(12 bays)
12) Move to starboard position 0:04
(4 bays)
13) Repeat 11 for starboard keel 1:34
extension
14) Move MRMS to erect internal 0:03
bays (. bays)
15) Build internal structure 1:04 2
a) MIMS moves 6 bays (0:06)
b) Build 4 bays (32 struts) (0:58)
2 bays (26 struts)
16) Return to cargo bay (31 bays) 0:31
17) Load MRMS - 7 packages 1:20
(RCS thrusters, ammonia
lines, fuel 1lines)
18) Move MRMS to lower keel port 0:36
extension (36 bays)
19) Install port RCS thruster 0:14.5 4 D10
(4 struts)
20) Move MRMS 18 bays 0:18
21) Lay lines: fuel lines (15 2:04.5 4 D11

bays)
ammonia lines (10 bays)

>~ d




o et}

TASK TIME (HRIMIN) FEASTIBILITY ASSUMP T 1ONS
22) Move to starboard RCS 0:11
position (11 bays)
23) Install RCS starboard G:14.5 4
thrusters (4 struts)
24) Move MRMS 13 bays 0:13
25) Lay lines: fuel lines (15 1:54 4
bays)
ammonia lines (10 bays)
26) Lay lines to upper RCS 1:41.5
thrusters
a) Move 10 bays (0:10)
b) Lay fuel and ammonia lines (1:31.5)
27) Install 2 upper RCS thrusters 0:29 4
(8 struts)
28) Lay lines back to cargo bay 0:43.5
a) Move 11 bays (0:11)
b) Lay ammonia lines (0:37.5)
29) Unload MRMS - 3 packages 0:36 1
(ammonia lines, fuel lines)
30) Load MRMS - 5 packages (UPC, 0:57
MBSU, MRMS recharger unit,
antennas, and comm. boxes)
31) Move to port keel extension 0:46
(34 bays) and then starboard
keel extension (12 bays)
32) Installations 7126 4 )
a) Antennas (8), comm. units (2:56)
(8), connections (16) g
b) UPC (20) (5:00)
c) MBSU (6) (1:30)
33) MRMS Recharger 0:25 ! | ol
a) Move to position (10 bays) (0:10) i
b) Install recharyer (0:1%) | |
34) Return to cargo bay (24 hays) U:2¢4 !
1
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TASK TIME {HR:MIN) FEASIBILITY ASSUMPTIONS

35) Unload MRMS - 6 packages 1:10 i

(antenna, comm. units, UPC,

MBSU)
36) Move MRMS to recharger (25 0:25

bays)
37) Crew translate to shuttle 0:12.5 1 D14

(25 bays)

TOTAL EVA TIME 38:05
|

DOES NOT INCLUDE:

1) System checkouts
2) EVA overhead time
3) Instaliation of remaining 42 radiator panels
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FLIGRT 171

COMPONENTS

Habitat Module #1

Airlock #1

Airlock #2

Module Mounting Structure

DOES NOT INCLUDE:

1) System checkouts
2) EVA overhead time

174

TASK TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
1) Retrieve MRMS 0:23
a) Crew translates 6 bays (0:02) 1
b) Activate MRMS (0:15) 1
c) Move MRMS to cargo bay (0:06)
(6 bays)
2) Install module mounting 0:40 2 D1
structure
3) Install Habitat #1 0:30 4 D1
4) Connect Utilities 0:50 3 D1
5) Ammonia pump hook-up 0:12 3 D12
6) Install airlock #1 0:20 4 D1
7) Install airlcck #2 0:20 4
8) MRMS return to recharger 0:12
a) Move MRMS (5 bays) (0:05)
b) Plug into recharger (0:05) 3
c) Crew translates back to (0:02)
shuttle (6 bays)
TOTAL EVA TIME 3:¢7

P




FLIGHT 1y

PRE-INTEGRATED COMPUNE KT

oo S
Deolovanlo Strgctyr,.

Power Cable Lines

Nz URBLT INTEGRATED Comong fT s

Habitar Module &2 Ammonia Lines
Module Mounting Structure 9 Hpe
. Y Antenngs 1 MESY

2 TORS (antennas)

11 Communicatign Hnits

| |
TASK j TIME (HR:MIN) ! FEASIBILITY | ASSUMPTIONS
H [

| w»w__hw,‘,m__-m~-“;“_wﬁ__ﬁ,w~~f“ e P f~,__*._§____
1) MRMS Activation j 0:23 i 1
2) Install module mount iny | 0:h0 [ 2 ,
structure I | ’
i
3) Install Habitat # } l:1o ' 4
S
4) Connect panel utilities , 0:2% , 3
5) Remove airlock #2 from | 0:20 l 4
Habitat #1 and berth ty '
Habitat #2
l
6) Install upper keel 3:47 9
2 a) Load uprer keel onto (0:16) V4
; MRMS
; b) Translate to upper keel (0:32)
| position (32 bays)
c) Unfold deployment rajle (0:05)
d) Attach keel to transverse (U:30)
F boom
e) Deploy upper keel (z2 (1:52)
' bays)
. f) Return to cargo bay (32 (0:32)
: bays)
E 7) Load MRMS - 8 packages 1:32 1
(antennas, comm, units,
ammonia lines, UPC, MSBU)
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T..5K TIME (HR:MIN) FEASTRILITY ASSUMPTIONS
8) Move to upper keei (31 bDays) 0:31
9) Install ammonia lines 2:16 4
a) Move MRMS 26 bays (U:26)
b) Install lines (1:50)
|
10) install antennas (same time 3:58 4
as lines)
a) 2 TDRS antenna (0:40) 013
b) 9 antennas, Y comm. units, (3:18)
18 connections
11) Install 9 UPC, 1 MBSU 2:30 4
12) Return to shuttle (49 bays) 0:49
13) Unload MRMS - 5 packages 0:59 ]
(antenna, comm. units,
ammonia lines, UPC)
14) Return to recharger 0:13
a) Move 6 bays (0:06)
b) Plug MRMS in (0:05) 3
c¢) Crew translates to (0:02) 1
shuttle (6 bays)
TOTAL EVA TIME 19:48
DOES NOT INCLUDE:
1) System checkouts
<) EVYA overhead time
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FLIGH

1)
2)
3)

4)

R I il S aas o L idd

ST
—
<

~—

11)

12)

iT v

PRE-INTEGRATED COMPONFNTS

Deployable Structure
4 i -
2 RFC/PWR

Power Cable Lines

Radiator Mounting Equipment

Joints & Solar Arrays

TASK

(<)

ON-ORRIT INTFGRATED COMPONENTS

Logistics Module nd 3 Fuel Lines
12 Radiatgr Parnels

MRMS activation
Install loyistics module
Return to cargo bay (/ bays)

Install port solar array

a) Load port array on MRMS

b) Move MRMS (39 bays) to
position

) Unfold deployment rails

) Attach port array

) Deploy structure (6 bays)

) MRMS back to cargo bay
(39 bays)

T QO

Install starboard solar array
(same as 4)

Deploy arrays (4)

Load MRMS - 1 packaye
(radiators)

Move to port position (43
bays)

Install port radiators

Move to starboard position
(23 bays)

Connect utilities on way
(4 connections)

Install starboard radidtors

TIME (HR:MIN) FEASIBILITY ASSUMPTIONS
_ S
0:23 1
1:00 4
0:07
2:41 4
(0:11)
(0:39)
(0:05)
(0:35)
(0:32)
(0:39)
2:41 4
1:00 1
0:12 1 |
0:43
2:00 4
0:23
0:08 3
2:00 4
177 N
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| |
{ TASY ; TIME (HR:MING ! FEasTBILITS
L B 4 . L
12) Return to shuttle {43 bays) eds '
|
14) Unload - 1 packaye ! N7 : l
(radiators) |
l
15) MRMS to recharger, crew to 12 |
shuttie } t
a) Move MRMS 6 bays ! {0:06) |
b) Pluyg in MRMS (U-1%) | 3
¢) Crew translate 6 bays (0 02) | 1
am_u_______a,ﬁNEA___“f_W__‘_awd___-_,_ N | [ B
TOTAL EVA TIME 14:2b ’
| .
DOES NOT INCLUDE:
1) System checkouts
2) EVA overhead time
179




FLIGHT VI
ﬁyyﬁ@{ﬁﬁﬂfp

Lab Module 2
Module Mounting Structure

| | I

TASK | TIME (HR:MIN) FEASIBILITY ASSUMPT TUNS !
1, Activate MRMS 0:23 1 !
| !
2) Install mountiny structure 0:50 ‘ 2
3) Install Lab., module #2 1:15 4
4) Connect utilities 0:25 3
5) Return MRMS to shuttle 0:09
a) Move MRMS 2 bays (0:02)
b} Plug in MRMS {0:05) 3
¢) Crew transiate to shutt'e (0:02) 1
(6 bays)
e o l _
TOTAL EVA TIME 3:02
DOES NOT [IMNCLUDE:
1) System checkouts
2) EVA overhead time
[y
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FLIGHT VI

COMPONENTS

Lab Module #1
Module Mounting Structure

’ l
TASK _[ TIME (HR:MIN) ' FEASIRILITY ] ASSUMPT IONS |
1} Activate MRMS 0:23 l 1
2) Install mounting structure 0:50 , 2 !
3) Install Lab #] module 1:20 / 4
’ 4) Connect utilities 0:25 ; 3 i
I i
h) Return to shuttle 0:190 !
I a) Move MRMS (3 bays) l (G:03) /
b) Plug in MRMS (0:05) , 3
, ¢) Crew translate to shuttle (0:02) | 1
f (6 bays) }
|

‘ TOTAL EVA TIME ; 3:08 /

DOES NOT INCLUDE:

1) System checkouts
2) EVA overhead time
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E3 -

[11. ASSUMPTIONS

Erectable Scenario Time Line Assumptions

RMS Motior:

a) Package Weight Translation Speed Rotation Speed
MFR A4 fps 1.59/sec
10 k1b .3 fps 1.29/sec
32-62 k1b .15 fps .69/sec

(In most cases, 10 k1b package range assumed)
(Ref. 3)

b) RMS orient and grapple - 2 min.
(Ref. 4)

Release clamps/latches -~ .5 min/ea
(Based on Ref., 5 Neutral Buoyancy tests)

Load/unload package between MRMS and cargo bay (and variations):

a) RMS translates 40' to package (Cla) - 2 min.
h) KMS orient and granple (Elb) - 2 min.
¢) Release package clamps (e2y - 1 min,
(4 clamps/2 per crewnan)
d) RM3 extract package (Eia) - 1 min,
(translate 15', rotate 900, translate 3C')
e} Peattach clamps (E2) -~ 1 min.
f) Open package locks (E2) - 1 win.
- (a-e' 1T min.
(a-f) 12 min.
Build Structure:
a)  Witn MRMS (Ref. b)Y - 1 min/strut
bY  With MFR (Ref, 7) - 3 min/strut
¢)  Manually (Ref, 7) - 5 min/strut

Cable/pipe lines installation:

a)  Cable - 2 attachments per node per 1ine - 1 mir.
I commecticn per end ~f line - .5 min.
[Based un Ret, 5 Neutral Buoyancy tests)
L) Pipes - 2 attachments {1 min) and
iocenmection (L5 min) per node per line - 1.5 min.
{Based on Ket. & guick a“tachment joints)

- MRMS assumed to omeue 9 tpm

HPC/FMC/ MBS
Assuined instaltiacren of 1h min/unit
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E10

Eil

£13

E14

S E15

16

E12 -

See Reference 1, Assembiy task evaluation and assumptions,

(]

nctall antenna:
10 min/antenna (assumed)

10 min/communication unit (assumed)

1 min/connection (assumed

2 connections per antenna (connection between antenna and
communication unit)

O T
~—— —

Detach framework:
Assumed 5 min/ncae
(Based on Ref. 5 Neutral Buoyancy tests)

Fuel tanks:

a) Install struts same as E4
b} 1 min, connection assumed

RCS thrusters:

a) Install struts same as E4
b) Position
c) 1.5 min/connection (assumed)
{4 connection for RCS thruster to struts)

14 hours of radiater panel installation remaining

Crew translation:
.41 fps
(Ref, 4)

Ammonia pump hook-up assumed 2 min/line (6 1ines)

TORS antenna

a) 10 min/antenna

b) 10 min/communication units
c¢) instal! struts same as E4
d) 1 min/counnection

—a
[op]
~e

-4
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1
i . Depluyable Scenario Time Line Assumptions
: 01 - See keference 1, Assembiy task evaluaticn and assumptions
F ,
: DZ - Rotate 38' package (See E1)
a) Unlatch (E2) - 2 min.
: b) Grapple (E1b) - 2 min,
3 l ¢) Translate 7' (Ela-32 klb) - 1 min,
» d) Rotate 900 (Ela-32 kl1b) - 3 min.
f e) Translate 7' {Ela-32 k1b) - 1 min,
| , f) Latch (E?2) - 2 min.
t 11 min.
P3 - Structure deployment
- a) 5 min/hay (3 min/bay to deploy, 2 min/bay to inspect)
E_ b) 2 min/seciion to check set-up,
}% D4 - Ducking bay:
f a) See E4 tc install struts
: b) 1.5 min/connection assumed
? U5 - Load/unload: See E3
D6 - Install antennas: See E9
D7 - Install MBSU/PMC/UPC: See [7
D8 - MRMS travel: See E6
D9 - kadiator stowage: See E13
D10 - RCS thrusters: See El/
D11 - Fuel lines/ammonia 1ines: See E5
D12 - Ammonia pump hook-up: See E15
; D13 - TDRS antenna: See E16
D14 - Crew translation: See E14
1
i
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APPENDIX ¢

FEASTIBILITY OF ASSEMBLY TASKS FOK SPACL STATION

Ratings

1 - Has been done in space

2 - Has been done in neutral buoyancy (1-g weightless environment)
3 - Has been done in 1~y

4 - Has never been done

General

A task is given a rating based on tne lowest step rating the task has received,
For example, if a task is composed of three steps where one step 1s rated 4 1,
one step a 3 and another step a 4, the overall rating is a 4,

A rating for a task does not necessarily indicate a task can or cannot be done.
oniy that the task has or has not been carried out in a certain environment.

Current or future studies may prove that certain conceptual tasks will be
accomplishable.

STEP ’ RAT ING SOUKCE

1. RMS grappling a package ‘ 1 Shuttie flight
2. RMS positicning a packaye 1 Shuttle flight
3. RMS placing a package 1 Shuttle flight
4. Astronaut release package restraints 1 Shuttie flight

(clamps/latches)
5. Astroniut secure package restraints 1 Shuttle flight i :
6. Build structure with MFR 2 Ref. 4, 6
7. Build structure with MRMS Z Pef, 4, 6, 8
8. Build structure with no mechanical/ 2 Ref, 4, 7 '

motorized assembly aids
9. Assemble a large package to a truss 4

structure
10.  Install MRMS on truss structure 4
11. Install RMS on MRMS 4
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STEP RATING SOURCE
12. Checkout MRMS
a) Mobility/workstations 2 Ref. 6, 8
b) MRMS - RMS 1 Shuttle flight
13.  MRMS movement 2 kef. 6, 8
14, Attach cable/pipe lines to structure i V4 Nettral Buoyancy
Simulation
15, Connections between sections of cable/ 1 Shuttle flight
pipe lines
16, Deploying cable inside a deployable 2 Ref. 9
Structure
17. Install sme!l units [(MBSU/PMC/UPC) ; 4 Unknown config-
urations and
pltacements
18.  Install antennas and communication 4
units
19. Deploy solar arrays 1 Shuttle flight
i
20. Install radiators | 4 ‘
21. Detach {quick-release) of structure Va Neutral Buoyancy
from caryo bhay Simulation
7
Z2. Stow a packayge on the truss structure ‘ 4
23. Instail module mounting structure ‘ 2 Ref. 4, b6, 7
A ]
24. Install modules/airlocks 4 A
25. Deploy rail extensions 3 Ref, 8
26. Deploy radiator booms 3 Ref., 8
27. Deploy solar array boxes 1 Shuttle flight
28, Mttach deployabie structure to boom/ 4
keel
29. Deploy structure
a) By outside mechanism 2 Ref, 4, 9
b) Self-powered mechanism , 1 Seasat
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ERECTABLE 15' TRUSS:

COMPONENT
FLIGHT I

1) Structure (2 packages)
- 358 struts
- 48 riodes

2) GN&C (1 package)
3) a-joints (2 packager)

4) B-joints and solar arrays
(4 arrays/2 packayes)

5) RFC/PWR - Power conditioning
units (2 packages)

6) Antenna (2 packages)
- 5 antenna
- 5 communication units

7) MRMS (1 package,
15 foot platform

8) Docking Ring (1 package)

9) Power Cable (2 packagyes)
- 2 lines of cable
- 336 feet of cable

10} Radiators (1 packane)
- 12, 25 foot panels
- 2, heat exchangers {part
of RFC/PWR system)

11) 2 MBSU (1 package)
2 PMC (1 package)
1 UPC (1 package)

Rk . S

ard any of its addendums

Assumed

T CHACE CT
[IRVE AN A VI VN |

APPENDIX ©

SIZE*
(Per Package in ft.)

22 x 2.3 x 2.5%*

9 x 9 x9

*k Kk

14 diameter x 2 thick

17 x 4.2 x 5

9 x9x9

Il x1 x5

10 x 16 x 3%**

5.8 diameter x 1.5

2.3 diameter x .5

1 x 25 x 1.5

Ref. 10 and Section IV, Cost Analysis
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B

Total Weight = 19664+

WETGHT™
(Total Tbs)

3001 **

3779

8276

3228+

658

Unless otherwise indicated all sizes and weights can be found in Ref. 1

e
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10)

11)

C. 2 Heat Exchangers

(2 packages)
RCS Thrusters (4 packages)

Fuel Tanks (2 packages)
- 3 tanks per package

Ammonia Lines (2 packages)
- 6 lines
- 2700 feet

Fuel Lines (1 nackage)
- 3 lines
- 1440 feet

Power Cable (2 packages)
- 2 lines
- 1320 feet
Antenna (2 packages)
- 8 antenna
- 8 communication units

Docking Ring (1 package)

20 UPC (1 package)
6 MBSU (1 package)

MRMS Recharger (1 package)

COMPONENT S12€
{Per Package in ft.)

FLIGHT 11
1) Structure (2 packages) 22 x 2.7 x 2.7%*

- 407 struts

- 117 nodes
2)a. Radiators (1 package) 5% x 2 x 3

- 48, 50' radiator panels or 50 x 1 x 6

b. Radiator becoms (2 packages) 45 x 2 diameter

24 x 2 diameter

1.65 x 1.65 x 1.55

10 x 3.4 x 3.4

* kk ok

1.17 x 2,17 x 15.25

1.7 x 1.7 x 15.25

1 x 3.4 diameter

4 x 2 x1

WE IGHT
(Total 1bs)

3458**

3360

812
960

266

5794 (wet)
(1064 - dry)

371****

731

713

1733

{;f:)

*kkk

Tota! Weight = 18198+(Wet)

13468+(Dry)

Used .1 'b/in3 density of aluminum for 0.0. of .25" and .75

187
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COMPONENT

FLIGHT III

S17F
(Per Package in ft,)

UE T6HT
(Total 1bs)

1) Habitat Module #1 34 x 14.5 diameter 37942
2) Airlock (2 packages) 6.7 x 8.3 2942

- #1

- #2
3) Module Mounting Structure ? ?

Total Weight = 40884+
COMPONENT SIZE WE IGHT
(Per Package in ft.) (Total 1bs)

FLIGHT IV
1) Habitat Module #2 34 x 14,5 diameter 34163
2) Module Mounting Structure ? ?
3) Structure {2 packages) 2.17 x 1.7 x 22** 1426**

- 168 struts

- 52 nodes
4) Antenna

- 9 antenna (1 package) 3 x3x1 ?

- 2, 9'-TDRS (2 packages) 4,5 x 1 diameter 180

- 11 communication units 3 x4 x1 ?

(1 package)
* k& Kk

5) Ammonia Lines (2 packayges) 15,25 x 1,17 x 1 17 3% % %%

- 6 lines

- 1260 feet
6) Power Cable (2 packages) 1 x 2.5 diameter 260

- 2 lines

- 489 teet
7) 9 UPC (1 packaye® 3 x 3 x l*** ?

1 MBSY (1 packave) I x 1 x 1
Totel Weight = 36217+
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COMPONENT SI1Zt b IGHT
T {Per Package in ft.) {Total 1bs)
FLIGHT V
1) Logistics module and fuel 34 x 14,5 diameter 33884
tanks (1 package)
2) B-joints and solar arrays 17 x 4.2 x 5 8276
(4 arrays/2 packages)
3) Structure (2 packages) 2.17 x 2 x 23** 1958**
- 40 nodes
- 250 struts
4) Radiators (1 package) 1 x 25 x 1.5 540
- 12, 25 foot panels
- 2, heat exchangers (part
of RFC/PWR system)
5) Power cable (2 packages) .5 x 2.1 diameter 130
- 2 1ines
- 240 feet
6) RFC/PWR - Power conditioning 9 x9 x9 3228+
units (2 packages)
Total Weight = 48016+
COMPONENT SIZE WE 1GHT

FLIGHT VI
1) Lab module #2

2) Module mounting structure

(Per Package in ft.'

34 x 14.5 digameter

?

(Total 1bs)

T T . e . o
L L N
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Total Weight = 55

A5+
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COMPONENT S1ZE WE [GHT
(Per Package in ft.) (Total 1bs)
FLIGHT VII
1) Lab module #1 34 x 14.5 diamete 39494
2) Module mounting structure ? ?
Total Weight = 39495+
3
]
b
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(ABLE 97 TRUSS STRUCTURE:

COMP NERT SIzE

(Per Mickage in ft.)

FLIGHT 1 |

1) Transverse boom structure i x 9 x 32

{1 packaye)

' - includes GN&C, RFC/PWR's,
a-joints, power cabics,
solar arrays, support

**structure (14 bays),
heat exchangers

2) Antenna I x1 x5

- 5 antenna (1 package

- 5 communication units

(1 packagej

3) MRMS (1 package) 1.5 x 9 x g***

4) Erectable structure .17 x 1 ox 13*~
(1 packaye)
- 20 struts
- 4 podes

5% Radiaters (1 package) { 1 x 25 x 1.5
- 12, 25" panels !
6) Docking ring (1 packaye) 5.8 diameter x 1.5

/) 2 MBSU (L pacrage) ! ok Lox LrEw
| Z PMC L packayge) | ol x|l
L iPe (1 package) i bx 1 ox 1
L

19]

A M e e e

Total Weight =

WE LGHT
(Total 1bs)

16715

658

420

17952+




9)

10)

[a]
~—

FLIGHT ']

1) Deployahle structure

(1 package)

- inciudes lower keel**
structure (23 bays),
fuel tanks, radiator
booms, heat exchanyers,
power cable (23 bays)

Deployable structure
(¢ packayes)

- includes reel extension™

structure (13 bays/pky),
power cable (13 bLays/

pPKYy), drckinyg ring
RCS Thrusters (4 packayes;

Erectable struts and nudes
(2 packayes)

- 110 struts

- 24 nodes

Radiators (2 packages)
- 4y, 50" panels

Ammonia lines (¢ vackdyes:!
- b lines (48 bays)
- 2592 teet

Fuel Tines {1 packayv)
- 3 Tines (31 hays)
- 110, feet

Antenna (¢ packdyes)
- 8 antennas
- 4 communication units

20 UPC {1l packaye)
b MBSU (1 package)

MKMS recharger (1 packaye)

*

o e

SIZE
(Per Package in ft.)

47, x Y x Y

9 x 1.7 x 10.3

T.obb x 1ubs x 1,5h

LR

Cox P ox hHErx
2« 3 x|
Soxorox Qe
Total
192
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It
e

Welght
{or

WE [GHI

(Total 1be)

B2 (wet)

07¢ - dry)

2437+

bk

\?;'(lhﬁ*

1360

EsY¢)

6d N

1733

JUbhedr (wet)

14799+

* ok k%

dry)

tv)



COMPONENT

Flight I1I

1) Habitat module #1

2) Airlocks (2 packages)
- #1

- #2

3) Module mounting structure

COMPONENT

FLIGHT [V
1) Habitat module #2
ructure

2} Module mounting
(1 pack je)

3) Deployable structure**
(1 package)
- includes upper keei and
boom structure (22 pays),
power cable (22 bays)

4) Antenna

- 9 antennas {1 packaye)

- 2, 9'-TDRS {2 packages)
11 communication units

= 4

(1 package)

5) Ammonie lines (2 packages)
- 6 lines
- 1188 feet (22 bays)

6) 9-UPC (! nackaye)
1 MBSU (1 package)

_ -

SIZE
(Per Package in ft.)

WE IGHT
(Total 1bs)

34 x 14,5 diameter 37942
6.7 x 8.3 2942
? i
Total Weight = 40884+
|
S12€ WEIGHT
(Per Packaye in ft.) (Total lbs)
34 x 14,5 diameter 34163
? ?
9 x 13 x 12 2062
3 x 3 x| ?
4.% x 1 diameter 180
3 x4 x 1 ?
9,25 x 1.2 x 2%*** 164%%+x
3 x 3 x 1w ?
1 x1x1 ?

193

Total Weight =

3569+
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COMPCNENT SIZE WF TGHT
{Per Package in ft.) (Total Tbs)
FLIGHT V
1) Logistics module and fuel 34 x 14.5 diameter 33884
tanks (1 nackage)
2) Deployable structure** 9 x 17 x 10.7 12374
(2 packages)
- includes extensions to
transverse boom structure
(5 bays per package),
RFC/PWR, power cables
(5 bays per package)
solar arrays (2 per
package), heat exchangers
3) Radiators (1 package) 1 x 25 x 1.5 420
- 12, 25' panels
Total Weight = 46678+
COMPONENT SIZE WE IGHT

FLIGHT VI
1) Lab module #2

2) Module mounting structure

(Per Package in ft.)

34 x 14.5 diameter

?

(Total 1bs)

55305

Total Weight = 55305+

COMPONENT SIZE WE JGHT
- (Per Package in ft.) (Total Tbs)
FLIGHT VII
1) Lab module #1 34 x 14,5 diameter 39495
2) Module mounting structure ? ?
3 Total Weight = 39495+
194 : "
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